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Abstract
Drop foot is a problem that can affect people following, for example, a stroke or onset of multiple 
sclerosis. In some individuals, it can be corrected by means of electrical stimulation of the peroneal 
nerve using surface (skin) electrodes. However, placing the electrodes in the right position is often 
described by patients as a time consuming and tedious task. Implantable solutions have been 
developed to address this problem, although the current state of the art indicates that surface 
stimulation is more suitable for patients with non-stable neurological conditions. Consequently, a 
number of researchers have developed approaches based on surface electrode arrays, yet problems 
delaying their clinical acceptance still remain. The key objective of this research was the 
exploration and implementation of novel solutions for surface arrays. This led to the design and 
fabrication of an open-loop array based system and its evaluation with healthy volunteers and 
individuals (patients) presenting with drop foot.
Finite element based software was first used as a tool for modelling the current density distribution 
throughout the stimulated tissue using two preliminary array-gel combinations. The modelling 
results suggested that one of the configurations would produce greater selectivity and uniform 
patterns of current density distribution. Subsequently, both arrays were fabricated and their 
electrical performance tested against a commercial surface electrode of similar dimensions. The 
results showed that the arrays gave similar trends to those produced by the conventional one, and 
confirmed the selection of the array-gel combination for further testing with volunteers. This array 
was fabricated on a flexible printed circuit board, and then embedded in a self adjustable bandage.
Microcontroller based hardware and software was developed to drive the array. This allowed 
creation and fine steering of virtual electrodes (VEs), as well as data visualisation and recording 
using a remote PC. In addition, it provided the patient with an operating interface together with an 
audiovisual environment to guide the task of electrode positioning.
The array prototype was first evaluated with a group of 12 healthy volunteers while seated. Angular 
information from the ankle and foot were recorded using a twin-axis flexible goniometer placed on 
the lower leg. The data was used to chart the electrically induced angular motion obtained at each 
VE position throughout the array. The charts revealed that adequate (functional) responses were 
obtained by all the participants for one or more VE position and size, but that the distribution of 
these on the array varied between subjects. The intra-subject repeatability of the responses to 
stimulation during two different sessions was also assessed. The results showed that although the 
distribution of functional responses in the array was not highly repeatable, some of the VEs 
overlapped suggesting the likelihood of reappearance in future sessions. This suggests the 
feasibility of defining templates of functional sub-regions of the array to streamline the positioning 
process.
The final stage of the project was a preliminary evaluation of the system with a group of 5 patients 
who are current users of stimulators to correct drop foot. The objective was to obtain preliminary 
feedback from them on the use of the array operating interface to find functional responses for 
various sizes of VEs while seated. A questionnaire was designed for this purpose and the data 
revealed that most of the patients not only found the right position for at least one of the VEs in an 
easy manner, but also found the stimulation to be similar or more comfortable than that 
experienced when using their conventional system.
In summary, the results from these pilot studies with healthy and impaired volunteers demonstrated 
that it is feasible and relatively easy to find functional responses when using the system. Future 
work will be focused on the development of a self-contained portable stimulator/array sleeve that 
can be worn on the shank. However, additional studies involving a larger number of patients, a 
validated questionnaire, and the assessment of the response during walking would be necessary 
prior to clinical use of the system.
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GLOSSARY
Concentric contraction: is a type of muscle contraction whereby the muscle shortens 
while generating force.
Central nervous system (CNS): part of the human nervous system comprising the brain 
and the spinal cord.
Central pattern generator (CPG): a spinal-cord neuronal circuit responsible for 
coordinated rhythmic activity, such as walking.These neural circuits can endogenously (i.e 
without the need of sensory inputs or central commands) produce rhythmic patterns of 
locomotion.
Dorsiflexion: upward movement of the foot away from the ground) in the sagittal plane. 
Eccentric contraction: is a type of muscle contraction whereby it elongates while under 
tension as a result of an opposing force.
Electromyogram (EMG): biopotential signal generated as a result of the bioelectrical 
activity of the muscles that can be recorded using either surface or invasive electrodes. 
Equinovarus: foot plantarflexed and inverted.
Eversion: In the context of human motion analysis the term inversion corresponds to the 
lateral tilt of the foot, outward away from the midline of the body.
Frontal plane: imaginary plane bisecting the human body into its posterior and anterior 
portions.
Inversion: inclination of the foot inwards to the medial aspect of the body.
Myelin: Whitish multilayered lipid and protein cover which electrically insulates the axon 
and increases the speed of nerve conduction.
Neuron: Basic unit of the nervous system formed by a body cell (soma) with several 
ramifications (dendrites) and a long process (axon).
Nerve Accommodation: A property of the nerves whereby it increases its excitability 
threshold in response to a slow rising stimulus.
Plantarflexion: downward movement of the foot in the direction of the plantar surface in 
the sagittal plane.
Physiological Cost Index (PCI): is an indicator of physical effort based on the assumption 
that an increment in heart rate is proportional to the oxygen supplied to the muscles 
[Burridge, 2001]. It is calculated by subtracting the heart rate in resting state from that 
during walking, and then dividing the result over the walking speed.
Proprioception: Proprioception is the neurological sense which, based on information 
from special receptors (situated in joints, tendons and muscles), determines the movement 
and position of different parts of the body.
Sagittal plane: imaginary plane bisecting the human body into its left and right portions. 
Spasticity: although spasticity is a not well understood condition, the most quoted concept 
was defined by Lance in 1980 as follows “a motor disorder, characterised by a velocity- 
dependent increase in tonic stretch reflexes (muscle tone) with exaggerated tendon jerks, 
resulting from hyper-excitability of the stretch reflex as one component of the upper motor 
neurone lesion” [Johnson, 2004].
Traumatic Brain Injury (TBI): Brain damage as a consequence of accidental trauma. 
Upper motor neuron lesion (UMNL): lesion of the neural pathways at the level of the 
spinal cord and brain that can be caused by accidental trauma or other pathologies (e.g. 
Stroke and MS).
x
MATHEMATICAL NOTATIONS AND SYMBOLS
V x  : gradient of x.
divergence of x.
E : electric field.
J : current density.
a: conductivity.
s: permittivity.
©: frequency.
cp: electric potential.
xi
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Chapter 1 Introduction
Chapter 1 : Introduction
1.1. Background
Drop foot is a common condition (problem) in patients following stroke and multiple 
sclerosis (MS). This is characterised by the inability to clear the affected foot from the 
ground during the swing phase of gait, often as a result of weak flexor muscles and 
hypertonic extensors in the paretic limb [Burridge, 2001]. Different interventions have 
been proposed to correct this condition of which Functional Electrical Stimulation (FES) is 
one. FES can be summarised as the controlled application of a train of electrical pulses to 
excite motor and sensory nerves, causing the muscles to contract and produce useful 
(functional) movements.
In patients with drop foot, the stimulation is usually delivered using surface 
(transcutaneous) electrodes over the common peroneal nerve during the swing phase of 
gait, allowing not only contraction of the muscles responsible for dorsiflexion and eversion 
of the foot, but also the activation of the flexor withdrawal reflex that causes hip/knee 
flexion and ankle dorsiflexion. The occurrence of all these actions together results in foot 
clearance. Although “surface” FES can assist gait, the conventional procedure for finding 
the optimal site for stimulation has been reported in the literature as a time-consuming task 
that represents one of the main causes of disuse of these systems. In addition, the 
conductive properties of the electrodes can deteriorate as a result of the continuous 
reapplication and removal process. In order to overcome these problems, some researchers 
have proposed the use of implantable approaches, as the electrodes do not need to be 
relocated on daily basis, providing improved selectivity and pain reduction. However, the 
procedures followed for implantation are invasive and in some cases they do not easily 
accommodate to changes in patients’ condition which may require either readjustments in 
electrode positions or addition of supplementary stimulation channels. For example, some 
post-stroke patients may either recover from their condition to some point at which they do 
not longer need the stimulator, whereas MS patients may progressively worsen to a state 
where FES may not be effective to aid walking. Several of these patients would probably 
desire permanent removal of the implant, which would require an additional surgical 
intervention.
Another potential solution for transcutaneous electrode positioning is the use of FES 
systems based on electrode arrays. The latter are matrices containing several small
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conductive fields that can be electronically grouped (i.e. forming ‘virtual electrodes’) and 
repositioned (i.e. ‘steered’) in order to find the best site for stimulation, without physically 
moving the array. Nevertheless, the literature review revealed that problems concerning 
adequacy of the clinician or user interface, array design, control strategies and sensors have 
delayed the acceptance of this technology in clinical practice.
The work described in this thesis followed a pathway plan to overcome existing limitations 
regarding surface array technologies; leading to the design, modeling, fabrication and 
preliminary experimental evaluation of a novel open-loop array based FES system. It is 
believed that this system will offer a valuable tool for the clinical assessment of the 
patients’ response to electrical stimulation. Another potential benefit of this open-loop 
system would be that it eliminates the need for sensors, which not only increases the cost 
of the system, but also add an extra burden to the patient. If  this approach proves to be 
feasible, future directions would be focussed on migration of this technology to a self- 
contained portable device embracing the user-interface, stimulator and array.
1.2. Aim of the project, hypothesis and objectives
The work described in this thesis is part of an overall project at the University of Surrey, 
directed at the design and development of a self-contained FES device for drop foot 
correction based on transcutaneous array technology. Two control options are currently 
being explored: open-loop and closed-loop. The former is the aim of this PhD project, and 
thus, the hypothesis was divided into two parts as follows:
“The Surrey Electrode Array System (SEAS) will provide a means fo r  the utilization o f  
virtual electrodes that can be electronically created and shifted over the area o f the skin 
where the conventional active electrode is usually located, in order to produce functional 
responses to electrical stimulation applied to healthy volunteers in the seated position
“The system will allow patients with drop fo o t to fin d  the adequate electrode position in an 
easier manner than the existing method to place surface clinical electrodes ”
It is evident that the expressions ‘easier manner’ and ‘functional responses’ must be 
clarified. The former applies to patients, and in this work is evaluated by means of a 
questionnaire and experimental observation as discussed in chapter 9. For the latter, the 
literature review indicated a lack of a quantifiable definition for such term. However, a 
preliminary criterion derived from normal gait data and opinions given by different FES 
experts is given in section 8.4.1.
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The experiments with healthy volunteers and patients were performed with the participants 
in a seated position similar to that adopted when following the clinical method for placing 
conventional electrodes in FES for drop foot, since this provides a reasonable indication of 
the electrically induced response of the foot to be expected when walking with the 
stimulator.
The particular objectives of this project were:
1. To perform an extensive review to underpin further technical development of 
surface array technologies.
2. To design and fabricate an appropriate array suitable for the implementation and 
‘steering’ of ‘virtual electrodes’ intended for drop foot correction.
3. To develop the hardware/software necessary to enable the electrode array to be 
coupled with a functional electrical stimulator.
4. To develop a user interface, suitable for clinicians and patients to select and steer 
the virtual electrodes.
5. To develop experimental methods intended for the preliminary evaluation of the 
proposed system, in order to
i. determine if the array can provide repeatable and functional responses to 
electrical stimulation when tested in healthy subjects while seated;
ii. determine if the array-based FES system facilitates the task of finding the 
adequate electrode position in a convenient manner for patients while seated.
1.3. Structure of the thesis
This thesis is divided into 10 chapters. With the aim of setting the context regarding the 
patient population involved in this work, an overview of the drop foot condition, its effects 
on gait and the common treatments used to correct its symptoms is given in chapter 2 .
Chapter 3 presents a background of FES, including the physiological and working 
principles behind this technique, as well as a review of its clinical and technical aspects 
and limitations.
Since this project focuses on the development of a solution for electrode positioning, a 
critical review of array-based FES systems for improving upper and lower limb function is 
presented in chapter 4. From this review, a number of key issues were identified, leading to
3
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the definition of a number of directions to be considered for future developments related to 
electrode positioning in drop foot patients using this approach.
Subsequent chapters report on the design and development of an open-loop FES array 
based system; chapter 5 introduces the design, modelling, electrical evaluation and 
fabrication of a novel high-resolution electrode array, while chapters 6 and 7 present the 
design and development of its associated hardware and software.
Chapter 8 focuses on a preliminary pilot study performed with healthy volunteers to assess 
the adequacy and repeatability of the response to stimulation when scanning two different 
sizes of virtual and return electrodes.
Chapter 9 presents a pilot investigation on the feasibility of using the open-loop concept 
proposed in this work in a group of patients with drop foot. This study was based on the 
patients’ perceptions of the attainment of the expected response, easy of use and comfort 
experienced with the system.
Chapter 10 presents the conclusion of the project as a whole, including a summary of the 
limitations of the present work, and directions for future research.
4
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Chapter 2 : The drop foot condition
As explained before, this project involves the development and evaluation of a novel 
electrode array approach as a way to improve FES technology intended for drop foot 
correction. Therefore, the main goal of this chapter is to set the context that surrounds this 
work in relation to the pathological condition towards which the research is focused.
First, a brief description of the drop foot condition and its etiology is given. Subsequently, 
the common symptoms and functional alterations in walking resulting from drop foot, as 
well as the incidence and prevalence in the UK are outlined. Finally, the available 
treatments including the use of electrical stimulation are summarised.
2.1. What is drop foot?
Drop foot is a term commonly used to describe failure to lift the ankle and/or the foot 
during the swing phase of gait. Other synonyms such as ‘foot drop’ and ‘dropped foot’ are 
also utilised by other researchers to refer to this condition. In post-stroke and MS patients 
drop foot often results from weakness of the ankle dorsiflexors and foot evertors muscles 
in the lower leg (flaccid drop foot), abnormal increase of muscular tone in the triceps surae 
muscles (spastic drop foot), or combination of both. Although there are other causes of 
drop foot (e.g. equinus gait in CP children, peroneal nerve damage), this project only 
focuses on those related to stroke and MS. Nevertheless, a brief description of all the 
causes is given in the following section.
2.2. What causes drop foot?
The inability to lift the foot during the swing phase of gait can be associated with different 
issues. The muscles responsible for dorsiflexion and eversion are innervated by the 
common peroneal nerve (table 2.1). This peripheral nerve crosses behind the head of the 
fibula and passes laterally around its neck, passing through the peroneus longus to split 
into two parts: a) the deep branch, which enters into the anterior compartment of the lower 
leg, forming the neural pathway of the dorsiflexor muscles, and b) the superficial branch, 
which innervates the muscles contained in the lateral compartment, responsible for foot 
eversion. The peroneal nerve is an extension of the sciatic nerve. The latter is formed at the 
pelvic level by the lumbosacral nerves L4, L5, S I, S2 and S3 respectively.
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Table 2.1. Description of the muscles innervated by the common peroneal nerve [Tortora 
and Grabowski, 2003].___________________________________________________________
MUSCLE COMPARTMENT NERYE BRANCH FUNCTION
Tibialis anterior Anterior Deep Dorsiflexion and 
inversion
Extensor hallucis 
longus
Anterior Deep Dorsiflexion
Extensor digitorum 
longus
Anterior Deep Dorsiflexion
eversion
Peroneus tertius Anterior Deep Dorsiflexion and 
eversion
Peroneus brevis Lateral Superficial Eversion and 
plantarflexion
Peroneus longus Lateral Superficial Eversion and 
plantarflexion
Neurological and anatomical conditions causing either damage or dysfunction of the
peroneal nerve, as well as intrinsic muscular lesions/diseases disrupting its normal 
functioning, can therefore lead to a dropped and equinovarus foot.
Neurological causes can be divided in two categories: a) upper motor neurons lesions 
(UMNL) and b) neuropathies of the lower motor neurons. UMNL are pathologies affecting 
the neural pathways situated in the motor cortex, brain and spinal cord. Stroke, multiple 
sclerosis (MS), cerebral palsy (CP), traumatic brain injury (TBI) and spinal cord injury 
(SCI) are typical examples [Taylor et al., 1998a; Lyons et al., 2002]. The former two will 
be further described later in this chapter, since the majority of FES users in the UK are 
post-stroke and MS patients [Swain et al., 2001].
In contrast, neuropathies of the lower motor neurons are pathologies impinging on the 
peripheral nerves. Examples of diseases linked to dysfunction of the common peroneal 
nerve are: diabetic peroneal neuropathies [Shahani and Spalding, 1969] and leprosy 
peroneal neuritis [Qian et al., 2004]. Lack of sensory feedback and proprioception are 
symptoms usually present in diabetic patients affected by neuropathies. This may induce 
axonal damage as a consequence of unperceived trauma (i.e. inflammatory process, 
ischemia). Leprosy usually affects nerves passing close to the skin, resulting in 
inflammation (i.e. neuritis) and then palsy. In the case of the leg the peroneal nerve is the 
most vulnerable [Soares, 1996]. Other causes of peripheral nerve damage leading to drop 
foot are: traumatic nerve injuries due to accidents during daily living activities, surgical 
procedures and sports - e.g. bungee jumping [Torre et al., 1993], spinal anaesthesia 
[Ahmad et al., 2006], surgical complications [Lloyd et al., 2006], and L4/L5 vertebral 
compression.
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Some muscular diseases and traumatic injuries may result in drop foot. Muscle dystrophies 
caused by hereditary/genetical causes (e.g. Duchenne’s muscular dystrophy) affecting the 
muscles cells, proteins and tissue resulting in muscle weakness or paresis. On the other 
hand, compartment syndromes emerge as a result of accidental trauma of the lower leg (e.g. 
tibial fractures, vascular puncture, haemorrhage, casts, prolonged limb compression and 
crush injuries), increasing the pressure on the muscular compartments. These conditions 
may result in compression of the peroneal nerve and blood flow deprivation (i.e. ischemia), 
causing nerve and muscle death.
Sometimes the causes of drop foot may also overlap, making the problem more complex 
owing to the combination of different factors. This is the case of Charcot-Marie-Tooth 
disease, a hereditary neuropathy whereby muscle fibre loss and damage of the peroneal 
nerve lead to drop foot [Vinci, 2003; Newman et al., 2006].
Other causes of drop foot are transverse myelitis [Waters et al., 1975], amyotrophic lateral 
sclerosis and brain tumours [Tun et al., 2006].
2.3. Stroke and multiple sclerosis
A cerebrovascular accident (CVA), also known as stroke, is a pathology that occurs when 
the supply of blood towards a part of the brain is either blocked or disturbed. It results in 
necrosis of a portion of brain cells surrounding the affected area due to lack of oxygen. The 
effects of a stroke depends on the area of the brain affected, the number of cells involved 
and how quickly the blood supply is restored to the ischemic region. The patient may 
recover within several hours (transient ischemic attack or mini-stroke), days or weeks after 
the stroke, or may never recover fully. If no recovery is noted within a week or two, motor 
movements and speech may be permanently lost. If limb paralysis has not disappeared by 
five to six months after the stroke, it will probably be permanent. Stroke may cause death 
or abnormal brain function (i.e. the part of the body that was controlled by necrotic cells no 
longer functions properly). According to the Stroke Association [2006] common causes of 
stroke are intracerebral haemorrhage (hemorrhagic stroke), floating blood clots (ischemic 
stroke) and atherosclerotic plaques in artery walls (thrombotic stroke).
Multiple Sclerosis (MS) is an incurable chronic disease characterised by a progressive 
deterioration of myelin sheaths of neurons in the CNS, resulting in slow and abnormal 
propagation of nerve impulses. Genetic and environmental factors are known to contribute 
to MS, but a specific cause for this disease has not been yet identified [Alexander, 1998],
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Pathologically, MS is characterized by the presence of areas of demyelination, as a 
consequence of an inflammatory process of white matter of the CNS in random patches (or 
plaques) which permanently interfere with motor and sensory control [Minden and Frankel, 
2004]. MS is an autoimmune disease -  the immune system responds against proteins in the 
myelin sheath surrounding nerves in the CNS. The disease begins with the onset of 
neurological abnormalities such as paresthesias, clumsiness, stiffness, fatigue and 
weakness of one or more limbs. In general, people with MS can experience partial or 
complete loss of any function that is controlled by, or passes through, the brain or spinal 
cord [McDonald and Silberberg, 1986].
The progression patterns of MS are variable, with the relapsing-remitting (RR) being the 
most common. This is characterised by a series of relapses during which new symptoms 
can appear and old ones re-emerge or worsen. The relapses are followed by remission 
periods where the sufferer fully or partially recovers from the deficits acquired during the 
relapse. Relapses can last for days, weeks or months and recovery can be either slow and 
gradual or almost instantaneous. After several years, many people who have acquired RR 
pass into a secondary progressive (SP) phase of the disease. This is characterised by a 
gradual worsening between relapses. In the early phases of SP, the person may still 
experience a few relapses, but after, these merge into a general progression. Primary 
progressive MS (PP) is characterised by a gradual progression of the disease with no 
distinct remissions [McDonald and Silberberg, 1986].
2.3.1. Incidence and prevalence of stroke and MS
The literature survey has revealed various statistics about the incidence and prevalence of 
cerebrovascular accidents and multiple sclerosis in the United Kingdom. Mant et al. [2004] 
reported an annual incidence of stroke cases ranging from 174 to 216 per every 100,000 
persons. Considering that UK population is approximately 60.2 million (figure taken from 
the National Statistics Office - www.statistics.gov.uk in 2006), the number of cases per 
year would be around 130,000 in the worst scenario. This incidence is close to that 
reported by the British Stroke Association [2006] which estimated that in England and 
Wales every five minutes one person suffers her/his first stroke (about 150,000 cases per 
year), being the third common cause of death and the most common cause of disability 
(currently more than 250,000 post-stroke patients live with disabilities).
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According to the Multiple Sclerosis Trust [2005], about 85,000 people in the UK are 
estimated to have multiple sclerosis; being the majority of the sufferers aged between 20 
and 40 years. The same source pointed out that the incidence of the disease is higher in 
cold countries (such as England -  120/100,000 per year) than in countries closer to the 
equator (<5/100,000 per year). According to Gutierrez et al. [2005], around 75% of the MS 
patients experience mobility problems.
Although there are no statistics about the number of patients with drop foot following these 
pathologies, a clinical study related to the use of electrical stimulation for the correction of 
this condition during walking [Burridge et al., 1997] estimated that about 20% of the cases 
would be a conservative estimate.
The statistics cited above have encouraged many researchers to investigate different 
choices of treatment for post-stroke and MS patients to reduce their symptoms, improve 
mobility and enhance their quality of life. An overview of the existing approaches is 
presented in section 2.3.3
2.3.2. Post-stroke and MS walking
Stroke and MS directly affect or disrupt the motor nervous system, leading to motor 
dysfunction and sensory impairment. This section discusses the main issues affecting gait 
following these pathological conditions. However, since the evaluation of the approach 
proposed in this project involves the analysis of ankle-foot angular responses to electrical 
stimulation, an overview of normal gait emphasising on the activity of these anatomical 
structures is given prior to the subsequent discussion.
Overview o f normal gait
Human walking is a complex process involving the occurrence of periodic, well- 
coordinated, sequences of movements performed by the limbs in order to reach a target 
destination. This process of bipedal locomotion is adaptive to both external factors (e.g. 
changes in environment and avoiding obstacles) and internal factors (e.g. muscle fatigue 
and sudden change of destination). Although walking looks similar from person to person, 
factors such as differences in sex, age and anatomy make this process variable between 
subjects. The term gait has therefore emerged to describe the particular style or pattern of 
walking for a given person.
9
Chapter 2 The drop foot condition
One single repetition of the aforementioned succession of movements occurring in one 
limb is defined as the gait cycle, and can be delimited by the consecutive occurrence of a 
particular event twice. A number of phases can be identified during the gait cycle: initial 
Contact (IC), loading response (LR), mid stance (MSt), pre-swing (PSw), initial swing 
(ISw), mid swing (MSw) and terminal swing (TSw). In normal subjects it is customary to 
set the limits of the gait cycle with the occurrence of initial contact (IC) with the same leg 
twice. Assuming such boundaries, various periods can be identified during normal gait; at 
the beginning of the gait cycle, the limbs undertake one period at which both of them are in 
contact with the ground, enabling transfer of the body load from one to the other (i.e. initial 
double support). Thereafter, only one leg remains in contact with the ground (stance 
period), whereas the other moves forward (swing period) until it strikes the floor. At this 
moment, a second period of double support commences. During this stage the limbs 
reverse their role by shifting one more time the weight of the body from one leg to the 
other. The gait cycle continues until the new-swinging leg reaches the ground once again. 
Figure 2.1 illustrates the gait cycle and its sub-divisions in periods and phases for the right 
leg (in black).
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Figure 2.1.The gait cycle and its phases. Adapted from [Whittle, 1991].
The ankle and foot are anatomical structures playing an essential role in walking (figure 
2.2). The former is a complex joint attaching the foot to the tibia. Although the ankle 
moves with respect to the three anatomical planes (i.e. sagittal, frontal and transverse) 
during gait, it is mainly responsible for the major part of plantarflexion and dorsiflexion 
(figure 2.3a); facilitating body progression and stability during stance as well as foot 
clearance during swing [Wright et al., 1964; Root et al., 19771.
The foot provides a stable base for the body during stance. It is formed by three principal 
groups of joints: the midtarsal, the metatarsophalangeal and the subtalar (figure 2.2a). The 
midtarsal joint attaches the talus and the calcaneus to the navicular and cuboid bones
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(figure 2.2b), allowing motion of the forefoot with respect to the hindfoot in the three 
planes of motion [Bevans, 1992]. The metatarsophalangeal joints allow the foot to roll over 
the metatarsal heads during stance and contribute to lift the toes from the ground in swing 
[Perry, 1992]. Finally, the subtalar joint is located between the talus and the calcaneus 
bones, and is responsible for the major amount of inversion and eversion of the foot (figure 
2.3b).
a) b)
P o s t e r i o r  s id o
Figure 2.2. The ankle and foot, a) Lateral view of the main group of joints [Perry, 1992] . b) Top view of the 
foot structure, its joints and its bones [Abboud, 2002].
a) b)
Figure 2.3. Movements of the ankle joint in the sagittal plane (a) and subtalar joint in the frontal plane (b) 
[Donatelli et al., 1996].
Figure 2.4 illustrates the angular trajectories depicted by the ankle during nomal walking. 
In all the plots, it can be observed that peak dorsiflexion is reached in terminal stance and 
peak plantarflexion during initial swing. Note that in terminal swing the ankle is 
dorsiflexed reaching values of zero or few degrees of dorsiflexion.
With respect to the subtalar joint, the angular trajectories shown in figure 2.5 indicate that 
this initiates its motion towards eversion until approximately 40% of the gait cycle when it 
turns its motion again into inversion. Hereafter, the subtalar joint initiates its motion from 
inversion to neutral (i.e. subtalar joint in 0° with respect to the tibia) or few degrees of
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eversion in early swing, maintaining this position until 80% of the gait cycle until it 
reverses its motion back to inversion until the end of the cycle.
a) b) c)
Gait cycle (%) Ga« cycle (%) Gat cycle (%)
Figure 2.4. Sagittal angular motion of the ankle during walking taken from different sources: a) Kadaba et 
al.[ 1990] (N=40), b) Jenkyn and Nicol [2007] (N=12) and c) Stebbins et al. [2006] (N=15). N corresponds to 
the number of participants involved in the quoted studies. TO = toe off.
a) b)
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Figure 2.5. Frontal angular motion of the foot during walking taken from different sources: a) Stebbins et al. 
[2006] (N=15), b) Jenkyn and Nicol [2007] (N=12). N corresponds to the number of participants involved in
the quoted studies TO = toe off.
Symptoms and gait abnormalities following stroke and MS
In general terms, patients suffering from upper motor neuron disease usually exhibit 
disorders in neural control mechanisms affecting their walking capability. Irregular gait 
patterns may originate from a combination of deviations caused by the main dysfunction 
with compensatory motion dictated by the residual function (e.g. muscle strength, motor 
control, joint mobility and sensory capabilities). According to Adams and Perry [1994] 
spasticity, inadequate selective motor control, appearance of primitive locomotion patterns, 
muscle weakness, sensory damage and hampered mobility of the joints are all factors 
contributing to abnormal walking.
Cerebrovascular accidents often result in hemiplegia. This is characterised by paralysis of 
one side of the body accompanied by uncoordinated movements and lack of control over 
the rate, duration and intensity of muscular contractions. The extent of motor involvement
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is related to the severity and location of the lesion. Perry [1969] stated that these factors are 
important to assess the potential of walking after the injury; since diverse combinations of 
remaining selective control, patterned muscular function and spasticity define the nature of 
the available motion for each particular patient.
Regardless of the variability between subjects and their pathological state, symptoms such 
as equinovarus foot, sustained knee-hip extension and ankle plantarflexion, are commonly 
present in post-stroke patients. The gait pattern is slow and asymmetric, characterised by 
shorter periods of limb support of the affected side and decreased step length in the 
unaffected side [Fish and Kosta, 1999].
MS sufferers usually exhibit corticospinal tract injuries leading to sensory-motor 
disturbances affecting balance, coordination and walking. In these patients, the legs are 
mainly affected by muscular weakness and spasticity. Spastic paresis of the lower limbs 
often results in an imbalanced and rigid pattern of gait. These symptoms are further 
exacerbated by fatigue and loss of sensation. Although MS mainly impairs the white matter 
in the spinal cord, cerebral lesions resulting in hemiplegia have been reported in a number 
of cases [Ogawa et al., 1999; Radhkrishna et al., 2005; Rosso et al., 2006].
In both, post-stroke and MS patients, drop foot may be either unilateral (in one leg) or 
bilateral (in both legs). The symptoms are often worsened by exaggerated activity of the 
spastic plantarflexor muscles (i.e. calf muscles) and the inability to push off (necessary to 
propel the limb during swing) [Lyons et al., 2002]. In addition, post-stroke and MS patients 
also exhibit lack of normal hip-knee flexion. All these irregularities cause an abnormal 
increase in the (functional) length of the leg during swing, which leads patients to drag the 
affected foot along the ground. These patients tend to adopt compensatory actions dictated 
by the residual motor function in order to overcome this gait deviation. Whittle [2003] 
described such actions as follows;
• Circumduction: swing the advancing limb outwards from the body in a circular arc 
of motion.
• Hip hiking: the spinal muscles and the lateral abdominal wall contract in order to 
lift the hip of the swinging leg.
• Steppage: exaggerated hip-knee flexion, during swing which lifts the foot higher 
than usual.
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• Vaulting: the patient goes up on his/her toes of the stance phase leg, in order to 
achieve foot clearance during swing with the affected leg.
Flaccid drop foot also becomes evident in early stance wherein the foot slaps the floor 
during loading response as a result of poor eccentric dorsiflexion.
2.3.3. Available treatments
Restoration of gait is considered one of the most important issues for drop foot patients, 
since independent ambulation allows them to perform several activities of daily living. 
Post-stroke patients usually undertake different treatments aiming to relieve symptoms and 
improve their functional condition. In the case of MS individuals, the main goal of the 
treatment is to reduce the disability produced by the neurological impairment, in order to 
maximise the patient’s functionality despite the progressive condition of the disease. In 
both pathologies, a functional assessment of the patient condition should be carried out 
prior to making the decision about what particular treatment or combination of treatments 
must be prescribed. This assessment is earned out by multidisciplinary clinical teams who 
deal with the lost or impaired functions and the resultant disabilities of each particular 
patient.
Conventional rehabilitation of post-stroke and MS patients includes several physical 
therapy activities such as passive and active range of motion (ROM) exercises, muscle 
stretching, muscle-resistive exercises, gait re-education (Bobath’s approach). Passive and 
active ROM exercises contribute not only to keep the flexibility and mobility of the joints 
(preventing them from developing contractures), but also to improve muscle strength and 
blood circulation [Baker et al., 2000]. Muscle stretching and regular physical exercises also 
contributes to reduction of spasticity and muscle weakness [Metz et al., 1999]. 
Furthermore, muscular strength can be augmented with resistance exercises, and 
cardiovascular robustness can be enhanced with aerobic activities [Engardt et al., 1995; 
Sharp and Brouwer, 1997]. Some physiotherapists, however, do not include resistance- 
based exercises as part of their rehabilitation programs as they believe that this type of 
exercises may increase abnormal muscle tone. Although this is still a matter of debate 
[Pomeroy and Tallis, 2002], this group of clinicians prefer the use of traditional 
physiotherapy based on Bobath training. The latter focuses on changing abnormal postures 
and movements interfering with functional skills. Bobath [1990] emphasised that correct 
positioning of patients in ‘reflex inhibiting’ postures at all times is important to reduce
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progression of spasticity. The physiotherapist uses his/her handling expertise to encourage 
the use of the affected side of the body, re-educate basic movements that patients struggle 
to perform by themselves and to block atypical movements impinging normal gait [Lennon,
2001].
Another variant of physical therapy is the Constraint-Induced Movememt Therapy (CIMT). 
When applying CIMT, the use of the affected limb is forced by restaining the motion of the 
unaffected limb. This contributes to reduce the learned ‘non-use’ of the affected limb, and 
hence, to improve motor skills and speed in task performance. In a narrative review, Tulce 
[2008] reported a number of studies showing promising results of the use of CIMT for 
rehabilitation of the upper limb in some groups of post-stroke patients.
Further relief of spasticity and muscle spasms can be attained with oral medications 
producing inhibitory effects in motor nerves such as Tizanidine and Baclofen [Meythaler et 
al., 2001]. In severe cases, the latter can also be administered by means of an implanted 
pump via spinal cord (Intrathecal Baclofen - ITB), in order to maximise its effect by acting 
locally into the spinal fluid.
When injected into the spastic muscles (e.g. calf muscles in patients with drop foot), 
Botulinum toxin A (BTX-A) inhibits the release of the neurotransmitter responsible for 
muscle contractions, resulting in reversible paresis. Thereby, these injections relieve 
spastic muscles providing a ‘window’ to facilitate the application of other therapeutic 
modalities aiming to enhance dorsiflexors activity [Galen and Granat, 2003]. Some studies 
have reported encouraging results about the use of BTX-A combined with physiotherapy 
and functional electrical stimulation (FES) to improve post-stroke walking during 
recovering periods [Hesse et al., 1995; Johnson et al., 2004]. FES is reviewed in detail in 
the next chapter.
More recently, new techniques in rehabilitation such as treadmill training, biofeedbaclc, 
virtual reality and robotic-assisted therapy have emerged to aid motor recovery in post­
stroke patients. Treadmill training [Pohl et al., 2002; Barbeu and Visintin, 2003; van den 
Berg et al., 2006] aims to recover physiological gait patterns based on the concept of 
neuroplasticity and motor re-learning [Young and Kong, 2007]. Biofeedback uses signals 
obtained in real-time from natural and artificial sensors (e.g. EMG and electrogoniometers) 
as audiovisual indications that encourages the patient to regulate the muscular activity with 
the aim of improve functional capabilities [Colborne et al., 1993]. Virtual reality (VR)
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systems enable human interaction with simulated environments wherein different senses 
(touch, vision, hearing, taste, smell) can participate. Advances in VR technologies present 
either 2D or 3D virtual environments interfaced with head mounted displays and sensor- 
based devices, enabling post-stroke patients to perform different ‘virtual tasks’ oriented to 
motor rehabilitation [Latonio and Burdea, 2001; Boian et al., 2003]. Robotic-assisted 
therapy involves the use of mechatronic gait trainers capable of simulating stance and 
swing phase movements in a physiological manner. These systems use body-weight 
support treadmill training combined either with moving foot plates [Hesse et al., 2006], or 
with a motor-driven exoskeleton attached to the patients leg (Lokomat system -  
www.hocoma.com).
The presence of chronic drop foot after the period of recovery can often be treated with a 
number of interventions. Ankle-foot orthoses (AFO) are commonly prescribed to correct 
drop foot in patients with a mild level of spasticity [Mauritz, 2002]. The fixed AFO, made 
of either thermoplastic material or metal, enables foot clearance during swing and provides 
enough limb support during stance. It holds the affected foot in a fixed position, restricting 
any movement that can be exerted at the ankle joint. AFOs are normally attached to the 
calf and foot. Hinged AFOs enable mobility of the joints in order to prevent contractures 
and permit active correction of gait. Silicone AFOS have been developed not only for the 
same purpose, but also to improve cosmetic appearance and to allow mobility of the ankle 
joint. However, it should be borne in mind that the selection of the type of AFO is dictated 
by the severity of the spasticity and the degree of muscle weakness [Soffer and Aisen,
1998] as referred to by [Bogey et al., 2004].
2.3.4. Selection of treatment
The literature survey has revealed a number of choices for rehabilitation of walking and 
correction of drop foot in patients following stroke and MS. To date, however, there is no 
convincing evidence to determine which one of the treatments is the ‘best option’ for gait 
improvement. Teasell and co-workers [2003] assessed the quality of major studies 
evaluating the efficacy of therapies in post-stroke walking. Those studies which followed 
non-experimental and uncontrolled methods were categorised as being of inferior type of 
evidence, and hence, they were considered only in the absence of randomised controlled 
trials (RCT). Table 2.2 summarises the classification of evidence supporting the 
effectiveness of different treatments as described by Teasell and colleagues.
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Table 2.2. Classification of major evidence of the effectiveness of gait restoration techniques [Teasell et 
al., 2003].
TREATMENT EVIDENCE
Strength, resistance exercise Moderate
FES Moderate
Treadmill training vs. conventional 
therapy
Conflicting
Biofeedback Strong
AFO Limited
Other researchers have also corroborated the lack of consistent evidence necessary to 
favour a specific treatment. In a systematic review of effectiveness of treadmill training on 
post-stroke patients, Manning and Pomeroy [2003] stated that the limitations in their 
findings were due to: a) complications comparing major studies assessing groups of 
patients which differ chronologically from each other in terms of their condition; b) The 
use of different outcome measures; c) Difficulties in generalising the results when 
comparing treadmill training versus physiotherapy, since different physiotherapists may 
utilise different approaches; d) Lack of RCT including samples of significant size. 
Likewise, Burridge et al. [1998] found a number of deficiencies in a series of FES studies 
(i.e. small sample size, non-convincing methodologies). The authors also concluded that 
the existing body of evidence does not reflect which proportion of drop foot patients may 
gain a benefit from FES. Kottink et al. [2004] pointed out that the majority of the existing 
works supporting the use of FES in drop foot patients are uncontrolled trials and case 
studies (further details of these FES reviews are given in the next chapter). In a critical 
review of the effects of FES in hemiplegia, Chae and Yu [2000] found that the results 
obtained in some of the existing studies could have been affected by motor relearning 
effects.
To conclude, the choice of treatment is mainly determined by factors such as the particular 
experience and preferences of clinicians, the pathological condition which usually varies 
over time and from patient to patient, and the individual needs of each patient. Conclusions 
or statements presenting a particular choice of treatment as a better replacement for others 
should be considered cautiously. For example, FES can preferably be presented as an 
alternative and complementary choice of treatment that could be more effective for some 
groups of patients, but probably not for others [Ghoussayni, 2004]. This is in agreement 
with the Royal College of Physicians’ National Clinical Guidelines for Stroke [2008], 
which stated that ‘FES may not be suitable for all the patients, and therefore, individual
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patients should be taken into account for FES as an orthotic aid in specific cases such as to 
improve ankle dorsiflexion and gait’. In addition, the guidelines recommend that: a) FES 
should not be used on a routine basis; b) when considering FES as an orthotic device, 
specialised teams may wish to specify which patients would be suitable and how its benefit 
would be deemed by any patient trying it.
More recently, guidance from the National Institute for Health and Clinical Excellence 
(NICE) [2009] supports the use of FES as a routine treatment option in the National Health 
Service (NHS). The guidance states that “current evidence on the safety and efficacy (in 
terms of improving gait) of functional electrical stimulation (FES) for drop foot of central 
neurological origin appears adequate to support the use of this procedure provided that 
normal arrangements are in place for clinical governance, consent and audit.”. However, 
the guidance also states that patients to be prescribed with this treatment must be selected 
by multidisciplinary teams specialised in rehabilitation.
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Chapter 3 : FES for drop foot correction
The aim of this chapter is to introduce the area of Functional Electrical Stimulation (FES) 
and its use for correction of drop foot. The chapter first focuses on the working principles 
of FES and briefly describes the stimulation parameters to be adjusted in order to achieve 
an optimal function. This is followed by a clinical review of the orthotic and therapeutic 
benefits of drop foot FES and its advantages against other treatments. Subsequently, a 
technical review of the most recent advances in surface and implantables approaches is 
given. The chapter ends with a discussion about the main limitations faced by these 
technologies with special emphasis on the issue of electrode positioning.
3.1. Functional Electrical Stimulation
FES can be defined as the application of electrical stimuli to either nerves or muscles in 
order to generate useful muscular contractions leading to restoration of lost or impaired 
function. Typical examples are cardiac pacemakers, defibrillators, cochlear implants and 
phrenic nerve stimulators.
Other examples of FES are stimulators for restoring movement of the upper and lower 
limbs - e.g. for reaching/grasping and standing/walking in SCI individuals. These devices 
are known as neuroprostheses as they operate as a bypass (i.e. replacement) of the 
impaired sensory-motor pathway [Popovic, 2004]. Likewise, other FES systems have been 
developed to aid walking and upper limb function in patients suffering from UMNL. These 
systems are frequently referred to as electrical orthoses. In both systems, an electrical 
generator delivers pulses that can be applied either directly or indirectly to the 
muscle/nerves. Different kind of sensors (e.g. gyroscopes, accelerometers, foot switches) 
are interfaced with the FES system and can be used to trigger the stimulation during 
specific periods of time (e.g. heel rise within the gait cycle).
In some cases, e.g. such as sustaining standing position following SCI, electrical 
stimulation can be used to recruit denervated muscle by direct depolarisation of muscular 
fibres [Ewins and Durham, 2008]. However, in patients presenting with drop foot, the 
nerves connected to the target muscles must be healthy and intact [Popovic, 2004]. Since 
this project is focused on drop foot correction, the subsequent discussion is therefore 
restricted to stimulation of innervated muscle.
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3.1.1. Physiological principles of FES
Human locomotion is a biomechanical process resulting from the coordinated activity of 
several muscles controlled by motor commands emitted by the central nervous system 
(CNS). Voluntary control of movement is initiated in the cerebral cortex and can be 
triggered by external sensory information (e.g. touch and smell) or by internal instructions 
(e.g. desire, previously planned). The CNS then acts like an intelligent controller executing 
a ‘motor program’ whose link to external effectors and sensors is formed by both efferent 
(motor) and afferent (sensory) pathways, grouped in peripheral nerves. In simple terms, 
commands are continuously integrated with information conveyed by sensory nerves 
associated with special receptors and senses, and then processed at different levels 
involving neural structures situated at the spinal cord (e.g. reflex centres and central pattern 
generators) and higher centres in the brain. Finally, the resultant motor commands travel 
down the CNS to the muscles along peripheral motor nerves, leading to rhythmic 
sequences of muscular contractions.
The nerves fibres transmitting the sensory and motor commands are part of the basic 
structures of the nervous system: the neurons. The latter are activated by a stimulus (e.g. 
chemical or electrical) from either sensory receptors or other neurons. Depending on the 
strength of the stimulus, a nerve impulse can be generated and then propagated from one 
neuron to other neurons, glands or muscle cells. Nerve impulses (also known as action 
pontentials - APs) are brief electrical discharges produced by an electrochemical process 
whereby the resting membrane potential is momentarily altered (depolarised from -70 mV 
to 30 mV) as a result of ionic exchange between the inner part of the cell and the 
extracellular fluid. Such an ionic reversible process takes place owing to the permeability 
properties of the neural membrane to sodium and potasium ions and the existence of 
sodium-potasium ionic pumps [Widmaier et al., 2004]. APs are considered an ‘all-or-none’ \
phenomenon, which is to say that anytime the membrane is depolarised to the threshold 
value, the neuron produces an action potential of constant magnitude. APs causing 
muscular contractions are propagated to skeletal muscles by means of a neurotransmitter 
released at the junction between the nerve endings and the muscle membrane (motor-end 
plate). When the AP arrives to the muscle membrane, it is depolarised triggering a 
muscular APs which cause the fibres to contract.
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During the application of electrical stimulation directly or indirectly to peripheral nerves, 
APs can be artificially generated, and consequently muscle contractions can be elicited. 
When appropriate stimulation is delivered to excitable tissue, a localized electric field of 
sufficient strength is generated by the electrodes, causing depolarisation of the cell 
membranes of surrounding neurons. Consenquently, APs are propagated along the nerve 
fibres in both directions, away from the stimulation site [Peckham and Knuston, 2005].
When using FES, motor neurons are recruited in a non-physiological fashion. First, the 
recruitment order is reversed -  i.e. large-diameter sensory fibres situated close to the 
electrodes, as well as nerve fibres innervating fast fatiguing powerful muscle fibres (type II 
oxidative-glycolitic and glycolitic fibres) are recruited first (since they fire at lower 
thresholds of current). If stimulation intensity is increased, not only small diameter nerve 
fibres (innervating type I slow fatigable muscle fibres) close to the active electrode, but 
also large-diameter nerve fibres farther from the active electrode would then be recruited 
[Baker et al., 2000]. Secondly, the recruitment is synchronous; all motor units recruited fire 
at the same time, and therefore, there are not alternating periods between them (i.e. some 
fibres are relaxing while others are contracting). Such a lack of alternating periods leads to 
a faster onset of fatigue.
3.1.2. Stimulation parameters
The effectiveness of FES depends on a number of parameters to be adjusted in the 
stimulator, in order to fulfil the individual requirements for each particular patient and 
group of muscles to be stimulated. These parameters are:
Stimulation amplitude and pulse duration
The values of amplitude and pulse duration are directly related to the strength of the 
muscular activity (figure 3.1). The rise of any of these parameters results in an increase of 
the total charge injected during the stimulation pulse [Popovic, 2004], and therefore, both 
have an effect on the spatial recruitment of muscle fibres. The amplitude and pulse 
duration should be adjusted to meet or exceed the least charge required to elicit an 
adequate muscle response with minimum discomfort. According to Baker et al. [2000], 
current amplitudes in the range of 20 mA - 100 mA with intervals ranging from 200 ps and 
400 ps are commonly used in clinical practice. Nevertheless, the values to be chosen are 
subject to the impedance characteristics and tolerability to stimulation of each particular 
individual.
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Figure 3.1. Effect of the current intensity and pulse duration on the recruitment of motomeurons [Baker et al., 
2000]. A stimulus just above threshold (left) excites the fibres closer to the electrode and the large diameter 
fibre. As the injected charge is increased either in amplitude or pulse duration (right), the larger fibres farther 
from the electrode and the smallest fibres closer to it are also recruited.
Frequency
The rate at which electrically stimulated neurons are activated depends on the frequency 
adjusted in the stimulator. Although in humans motor neurons tend to fire about 5 to 25 
APs per second, smooth and forceful contractions are achieved as a result of adding up 
different twitches produced by different muscle fibres contracting asynchronously. When 
using electrical stimulation, however, higher frequencies are required as stimulated motor 
neurons fire synchronously. Therefore, the higher the frequency of the stimulator output, 
the smoother and stronger the contraction is (figure 3.2). However, the onset of muscular 
fatigue is accelerated with the increase of frequency. This reflects the trade-off between the 
strength/comfort and fatigue that must be considered when adjusting frequency. Similar 
ranges, e.g. between 30 and 60 Hz [Vodovnik et al., 1965a] and 25 to 50 Hz [Baker et al., 
2000], have been recommended. In drop foot correction, a frequency of 40 Hz has been 
clinically used without critical implications in the onset of fatigue [Taylor et al., 1998b] .
time
Figure 3.2. Effects of the frequency on the strength and smoothness of the muscular contraction [Baker et al., 
2000]. Note that as the frequency of stimulation increases, the muscle does not return to its relaxed period 
and the summating muscular twitches fuse (tetanic contraction). In this graph, the frequency unit used was 
pulses per second (pps).
22
Chapter 3 FES for drop foot correction
Stimulation waveform
Different types of waveforms can be selected to generate muscular contractions. 
Monophasic and biphasic rectangular pulses are preferred since their rising time is shorter, 
avoiding nerve accommodation. The former may cause irreversible ionic reactions leading 
to skin bums and electrode corrosion. On the contrary, balanced symmetric biphasic pulses 
allow the same amount of charge to flow in both directions at each electrode, thus 
reversing the ionic reactions. This results in less skin irritation and prolonged electrode 
durability [Popovic and Sinkjaer, 2000]. However, both electrodes tend to recruit muscle 
fibres as they become active or inactive in accordance to the waveform polarity. Therefore, 
symmetric pulses do not provide as much selectivity as the obtained with asymmetrical 
biphasic waveforms. The latter causes excitability only in one direction, and reversal of 
ionic reactions in the opposite but without causing neural excitation (as a consequence of 
lower intensity but longer duration of one part of the pulse). Therefore, this type of 
waveform is commonly used to find the right position of the stimulating electrode [Baker 
et al., 2000].
Ramping
Ramping up the stimulator output elicits gradual recruitment of the muscle fibres. In drop 
foot patients, ramping up times are carefully adjusted in order to make the stimulation 
more comfortable and to prevent abrupt contraction of the tibialis anterior (which may 
trigger spastic antagonistic contractions) [Taylor, 2002]. On the other hand, ramping the 
stimulation down helps to decrease the strength of the muscular contractions slowly, 
enabling the limb to return to the resting position in a controlled manner to prevent the foot 
from slapping the ground (foot slap). In some patients it might be necessary to ramp the 
stimulation down after an interval of time following initial contact. Figure 3.3 illustrates 
the stimulation envelope including the ramps (shaded areas) and the extension time.
Ramp up Extension Ramp down
Figure 3.3. Use of ramping for the application of drop foot stimulation during the swing phase of gait [Taylor 
et al., 1998b]. Note that the stimulation gradually starts when lifting the part of the foot under which the 
footswitch is located (e.g. heel off), whereas it starts to fade away at completion of the extension time after 
intial contact (e.g. heel contact).
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Stimulation output: voltage or current regulated?
An electrical stimulator may have either constant voltage or constant current output. The 
former has a low impedance output and therefore impedance variations at the electrode­
skin interface will induce changes in the stimulation current. On the contrary, constant 
current stimulators have a high output impedance maintaining the current constant 
regardless of impedance changes between the electrode and the tissue, ensuring similar 
levels of muscle response. However, there is a potential risk when using these stimulators; 
bad electrode contact, uneven electrode impedance and small electrode areas would cause 
an increase in current density which may lead to skin burns or irritation. Therefore, safety 
considerations should be borne in mind when using this type of stimulator. For example, 
constant current stimulators might be more suitable for some experimental trials strictly 
controlled by experts. In clinical practice, however, the use of constant voltage stimulators 
is safer for patients.
Electrodes
Stimulation can be delivered to the muscles using either implantable or surface electrodes. 
When the latter are used, aspects such as the electrode size and positioning are of extreme 
importance. Both parameters are primarily related to the comfort, and to the strength and 
adequacy of the electrically induced muscular response. With respect to the electrode size, 
the smaller the electrode, the more selective the stimulation is. However, some studies 
related to the comfort experienced with different electrode sizes concluded that larger 
electrodes lead to a more comfortable stimulation [Kantor et al., 1992; Patterson and 
Lockwood, 1993; Alon et al., 1994]. Round (38 mm diameter) and square (50 x 50 mm) 
pre-gelled electrodes are standard versions routinely used with surface FES systems for the 
treatment of drop foot. Refer to appendix A for a brief summary of the different types of 
surface electrodes.
3.2. FES for drop foot correction
As mentioned in chapter 2, FES systems can be used as an alternative treatment for drop 
foot correction. These approaches are often directed towards stimulation of the common 
peroneal nerve (figure 3.4a), in order to facilitate dorsiflexion with some eversion during 
the swing phase of gait [Taylor, 2002]. When the current is applied to the superficial 
branch of the nerve eversion is achieved, whereas stimulation of the deep branch elicits 
dorsiflexion with inversion. Thus, in most of the patients presenting with drop foot, the
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active electrode (cathode) is placed below the head of the fibula, whilst the return electrode 
(anode) is placed over the tibialis anterior belly close to its motor point (figure 3.4b). 
However, in some cases it is necessary not only to change the electrode position, but also 
the polarity; in order to optimise flexion of the hip/knee joints as well as the eversion 
component [Taylor et al., 1998b; Baker et al., 2000]. Further details about this additional 
electrode position and the conventional protocol for electrode placement in drop foot FES 
is contained in appendix A.
Liberson and colleagues [1961] proposed for the first time the use of surface FES for 
correction of drop foot. Since then, a number of researchers have developed different FES 
systems and have clinically evaluated its effects on drop foot gait. This section contains 
concise clinical and technical reviews of the most relevant works to date and the 
limitations delaying the routine use of drop foot FES in clinical practice.
a)
Common 
peroneal nerve
Poplfteus
nerve
Superficial 
branch
Figure 3.4. a) Anatomical location of the common peroneal nerve and its branches. Adapted from Wilkinson 
[2005]. b) Electrode positions for elicitation of dorsiflexion and eversion of the foot using electrical 
stimulation. Reprinted from Ewins and Durham [2008].
3.2.1. Clinical review of drop foot FES 
Benefits and advantages over other treatments
From the perspective of rehabilitation, the application of electrical stimulation contributes 
to muscle strength and endurance, maintenance or increase of joint range of motion, re­
education of motor control and inhibition of spasticity [Baker et al., 2000; Petrofsky, 2004]. 
Kralj and Bajd [1989] stated that FES induced movements allow patients to spend their 
own metabolic energy, prevent muscular athrophy and contractures, and help to maintain 
the blood flow.
25
Chapter 3 FES for drop foot correction
Apart from this, different investigations have revealed moderate but growing evidence 
about the orthotic and therapeutic benefits of FES in drop foot patients. Some studies, for 
example, based their conclusions merely on subjective observations of case studies. 
Liberson et al. [1961] not only noticed improvements in gait in seven hemiplegics patients 
whilst using FES, but also observed a ‘carry-over effect’ in some of them who enhanced 
their voluntary dorsiflexion after discontinuing the use of the stimulator. Likewise, McNeal 
and Wilemon [1969] also observed improvement of voluntary ankle dorsiflexion after 
several days of electrotherapy. Unfortunately, none of these studies provided quantitative 
evidence.
In contrast, other clinical evaluations [Waters et al., 1975; Merletti et al., 1979; Burridge et 
al., 1997; Taylor et al., 1999b; Swain et al., 2000; Kenney et al., 2002] have implemented a 
number of outcome measures (e.g. gait symmetry, walking speed, physiological cost index 
(PCI) and oxygen consumption) to quantify the clinical benefits of drop foot FES 
(therepautic, orthotic or both) in different groups of patients (e.g. post-stroke, MS, 
incomplete SCI, or mixed). Researchers of the Salisbury District Hospital team in the UK 
[Burridge et al., 1998; Burridge, 2001] and in the Case Western Reserve University in the 
United States [Chae and Yu, 2000] reviewed the majority of these studies; whereas Kottink 
and colleagues [2004] in the Netherlands reviewed only those presenting evidence of the 
orthotic effects in post-stroke patients. These reviews agreed that the quoted studies 
contain valuable evidence about orthotic and therapeutic benefits of drop foot FES, 
although the majority were uncontrolled and non-randomized. Only one of such studies 
was found to be a RCT. In the latter, Burridge et al. [1997] compared the effectiveness of 
the Odstock Dropped Foot Stimulator (described later in this chapter) versus physiotherapy 
on the effort and velocity of walking. Thirty-two post-stroke patients participated in the 
study and were randomly allocated as follows: One group of sixteen subjects received 
physiotherapy alone (control group), whereas the remaining underwent physiotherapy 
combined with FES. The results revealed that walking was improved in terms of speed (i.e. 
mean increase of 20.5%) and PCI (i.e. mean reduction of 24.9%) while wearing the 
stimulator. The group receiving only physiotherapy also showed improvement, but not as 
much as the achieved by the FES group (i.e. mean increase in walking speed of 5.2% and a 
reduction in PCI of 1 %). Significant differences were found for mean changes in walking 
speed and PCI when comparing both groups. However, no significant differences in these 
parameters were found when the experimental group did not use FES.
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Other investigations have presented evidence suggesting the superiority of FES versus 
AFOs for a sub-population of patients. During the evaluation of the therapeutic and 
orthotic effects of FES in a group of post-stroke patients, Granat and co-workers [1996] 
found that two out of three patients using AFOs preferred to use FES. In addition, one of 
these patients who couldn’t walk without the mechanical brace at the beginning of the 
trials, but he was able to do it after four weeks of electrical stimulation. The authors 
emphasised that FES allows active gait correction and its action can be tailored with 
respect to the patients’ needs.
Weingarden and Hausdorff [2007] compared the use of FES and AFOs in terms of gait 
stability and symmetry in 15 AFO users (13 chronic post-stroke and 3 following TBI). 
During the trials, the participants were asked to walk for six minutes in two separate 
opportunities wearing either a FES system or an AFO (randomly chosen), while data was 
collected using a force-resistive insole system. The results of the study showed that after a 
period of four weeks both interventions had a similar influence in gait. However, after 
eitght weeks, walking with the FES system was significantly improved with respect to the 
AFO in terms of stride time, gait symmetry and single-limb support time. The authors 
concluded that FES may provide a more symmetric gait and better balance.
In conclusion, this clinical review revealed the general consensus about the benefits of FES 
in drop foot and its superiority to some extent over other treatments. However, as discussed 
at the end of chapter 2, this evidence must be carefully interpreted. The author of this work 
is of the opinion that the quoted studies reflected that FES may be successful in drop foot 
correction, but the evidence about its therapeutic and orthotic benefits as well as about its 
superiority over other treatments is not completely compelling to date. The decision of 
what treatment should be used not only depends on the preference of the rehabilitation 
team, but also on the particular condition of each patient. Burridge and colleagues [1998] 
concluded that “from the evidence presented in the literature it is not clear what proportion 
of patients might benefit from FES. There is, however, agreement that those who respond 
well experience sufficient improvement in speed and quality of walking to increase 
independence significantly”.
Patients eligibility
As mentioned in chapter two, FES may be suitable for some patients but not for others. 
Kottink et al. [2004] pointed out that “stimulation might not be appropriate for all post­
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stroke patients. The patient has to be well motivated and able to walk with minimal 
assistance”. In addition, requirements for drop foot patients to be considered as candidates 
for FES have been defined in a number of studies:
• Drop foot resulting from UMNL, with intact and healthy peroneal nerves and 
dorsiflexor muscles [Burridge et al., 1997; Taylor et al., 1999b].
•  Sufficient cognition and dexterity [Taylor et al., 1999b].
•  Tolerance to stimulation sensation [Taylor et al., 1999b].
• Unable to actively dorsiflex the ankle more than 10° with the knees slightly flexed 
[Jones et al., 1997].
• No mechanical restriction to passive movement at the ankle joint (i.e. able to attain 
10° of passive dorsiflexion and 0° of eversion/inversion) [Jones et al., 1997],
Possible contraindications or exclusion criteria for subjects attempting to use FES have 
also been refered to in the literature as follows: ankle-joint contractures, severe spasticity, 
diabetes, pregnancy, hypertension, unsteady and uncoordinated walking (ataxic gait), the 
use of cardiac pacemakers, poor skin conditions and allergenic reactions [Burridge et al., 
1997; Jones et al., 1997].
Clinical uptake o f FES in drop foot correction
In spite of the orthotic and therapeutic benefit of FES reported in previous studies, the use 
of this approach as an electrical orthoses is limited. Swain [1996] estimated that in the UK 
approximately 12,800 drop foot patients per year are candidates for FES. However, an 
estimate of 400 patients in Britain used the Odstock Dropped Foot Stimulator as an 
electrical orthoses by 1998 [Taylor et al., 1998a]. Later, Burridge [2001] not only stated 
that a large number of patients in the UK can potentially benefit from FES for correction of 
foot drop, but also that the current number of users was 500. According to Popovic [2004] 
only around 450 patients in the UK had used the ODFS stimulator by 2004. Similarly, 
approximately 3000 people have used drop-foot stimulators in Denmark and more than 
1000 patients in Slovenia [Popovic, 2004]. These figures suggest that despite the number 
of potential candidates, several factors have delayed routine use of FES systems for drop 
foot correction. These issues are discussed in the following section.
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3.2.2. Advances in FES for drop foot correction: technical review 
Surface drop foot systems
Liberson et al. [1961] pioneered the application of electrical stimulation over the common 
peroneal nerve for correction of drop foot. As shown in figure 3.5b, the stimulus was 
delivered through surface electrodes (EEG-type covered by conductive rubber) using a 
single-channel transistorized stimulator of the size of a cigarette packet. The active 
electrode was placed below the knee posterior to the head of the fibula (el), and a larger 
dispersive electrode (a conductive rubber plate) was situated at the lower leg, close to the 
motor point of the tibialis anterior (e2) (the dimensions of the electrodes were not given by 
the authors). A foot switch (fsw) was used to allow the pass of stimulation pulses to the 
patient only during the swing phase of gait, enabling ankle dorsiflexion, and consequently, 
foot clearance and progression of the affected limb (figure 3.5c). The stimulation 
parameters were a frequency of 30 Hz, pulse width raging from 20 to 250 psec, and 
maximum current of 90 mA. Liberson and colleagues emphasised that finding the right 
stimulation site was a difficult task. In an attempt to overcome this limitation, the 
electrodes were incorporated in an elastic material, facilitating its application behind the 
head of the fibula.
Figure 3.5. FES for drop foot correction, a) subject dragging the foot during the swing phase (no stimulation) 
[Waters et al., 1975]. b) The electrotherapy device as proposed by Liberson et al.[1961]. c) The subject 
clearing the foot from the ground when stimulation is applied during the swing phase of gait [Waters et al., 
1975].
After Liberson, a number of single-channel and multi-channel surface FES systems for 
correction of drop foot were developed. A brief summary of these systems is given below 
(for detailed reviews refer to [Kralj and Bajd, 1989; Popovic et al., 2001; Lyons et al.,
2002]).
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Single-channel systems
The development and evaluation of a number of single-channel FES systems during the 
two subsequent decades have been reported by various investigators [Moe and Post, 1962; 
Vodovnik et al., 1965a; Takebe et al., 1975; Vodovnik et al., 1978; Acimovic et al., 1987]. 
The working principle of these devices was similar to the one proposed by Liberson and 
associates - i.e. the stimulation was delivered to the peroneal nerve and to the motor point 
of the tibialis anterior using surface electrodes, and triggered by means of a sensor (e.g. 
footswitch, pushbutton or EMG sensors) during the swing phase of gait. According to 
Peckham and Knuston [2005], common problems faced by these early developments 
included false triggering or inhibition of the stimulation, elicitation of spastic responses of 
the calf muscles, painful stimulation sensation, wire breakage and mechanical failure of the 
foot switches, and difficulties with electrode positioning.
A number of commercial single-channels systems have been developed aiming to 
overcome some of the problems faced by their predecesors. The Odstock Drop Foot 
Stimulator (ODFS) developed at Salisubury District Hospital in England, is at the present 
time, the most used electrical orthoses for correction of drop foot in Britain [Peckham and 
Knuston, 2005] (figure 3.6a). It is a belt-wom single-channel device whereby stimulation 
is delivered over the skin using pregelled self-adhesive electrodes (Figure 3.6b). An 
advantage of this system is that it allows the clinician to set up the stimulation parameters 
in accordance to the individual needs of each patient; so that effective stimulation, reduced 
discomfort, prevention of spastic responses (in patients with spastic drop foot) and foot 
slap (in patients with flaccid drop foot) can be achieved. The user only controls the 
strength of the stimulation by moving a front-panel control to adjust the pulse duration 
from 3 to 350 ps. Furthermore, the ODFS also allows the clinician to reverse the operation 
of the foot switch (i.e. turns stimulation on at foot contact and off at heel off), in order to 
allow placement of the sensor in the unaffected side in those cases where patients are 
unable to attain a reliable foot contact with the affected leg. More recently, the Salisbury 
team developed a smaller version of this stimulator. Apart from the features of the previous 
version, the ODFS PACE (figure 3.7) also includes an exercise mode intended for 
rehabilitation programmes. However, the major disadvantages of both systems are related 
to electrode placement, as well as deterioration of the footswitch and breakage of its wires 
and connectors [Taylor et al., 1999b]. In addition, footswitches do not permit the use of the
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stimulator while barefoot; may respond different to various types of terrains and footwear; 
and its usefulness is limited when ascending stairs [Ghoussayni, 2004],
Figure 3.6. a) The Odstock drop foot stimulator, b) electrode positioning, c) adjustment of stimulation 
parameters. Adapted from www.salisburvfes.com (access date: 20/05/2005).
Figure 3.7. The ODFS PACE stimulator. Taken from www.salisburvfes.com (access date: 29/04/2009).
Different investigators attempted to develop smaller and ligther stimulators. The KDC 
2000A (also called Footlifter) is an under-knee small stimulator produced by Elmetec 
(Elmetec, Arhus, Denmark) that can be easily affixed to the lower leg by means of 
Velcro® straps. The system uses felt-cushion electrodes, which according to the 
manufacturers should be moistened every three hours using a saline solution, to avoid 
stabbing sensation due to uneven current diffusion. This device is provided with a fixed 
pulse width of 270 psec, a maximum current of 60 mA and an adjustable frequency range 
from 30 to 60 Hz. Stimulation is triggered using a heel-wedge with built-in contacts. 
However, this sensor can be affected by a number of limitations similar to those related to 
footswitches.
a
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In order to overcome the limitations imposed by the use of footswitches (and similar 
sensors) and electrode positioning, Wieler and colleagues [1996] reported on the 
development of a totally self-contained device for drop foot correction. The Walkaide® 
system (Neurotronics, USA) is a microcontroller-based single channel system that relies on 
an embedded tilt sensor to trigger the stimulation [Wieler et al., 1999]. As shown in figure 
3.7a, the system uses surface self-adhesive electrodes incorporated in the cuff, allowing the 
subject to place the pads in a reproducible manner (figures 3.7b and 3.7c). During the first 
session, the clinician determines and marks the position of the electrodes inside the cuff. 
However, while adjusting the cuff, few milimeters of electrode misplacement may be 
introduced. The latter may adversely affect the response to stimulation [Bajd, 2006]. In 
addition, patients presenting with drop foot may experience frequent changes (sometimes 
from day to day) in calf tone, leading to variations in the stimulation site over the skin with 
respect to the nerve [Taylor et al., 1999b]. This may demand extra clinical sessions to 
perform readjustments of each electrode inside the cuff.
Figure 3.8. a) Walkaide® stimulator (a), (b) and (c) Fixation to the leg. Adapted from www.walkaide.com 
(access date: 17/02/2007).
Multichannel systems
Multi-channel systems are useful in patients who experience weakness and/or 
inappropriate control of further muscles in the leg (e.g. hamstrings and calf) [Ewins et al.,
1999]. A number of multichannel systems for research purpose were developed in 
Ljubljana. One of these systems consisted of three channels and one footswitch [Kralj et al., 
1971], whereas the other had six channels together with a group of foot switches used to 
adjust stimulation sequences and to avoid false triggering [Stanic et al., 1978; Strojnik et 
al., 1979]. Some particular disadvantages of these multichannel systems are related to their 
size and weight; their large number of controls; the presence of multiple wires that may 
obstruct walking; More recent advances include the development of portable two-channel
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systems such as the ODFSII (developed at the Salisbury District Hospital, UK). Taylor and 
colleagues [1999c] have reported the use of this system for the correction of bilateral drop 
foot. However, despite its light weight and low cost, this device includes a large number of 
configuration controls inside its enclosure that can make its configuration procedure 
confusing and tedious [Lyons et al., 2002]. In order to ease the setting-up process of multi­
channel devices, clinician-PC interfaces were incorporated into FES systems such as the 
two-channel Compustim 10B (developed at the University of Surrey in England) [Michael 
and Ewins, 1995; Michael, 1996; Ewins et al., 1999], the two-channel drop foot stimulator 
(DFS) (developed at the University of Limerick in Ireland) [Lyons et al., 1997; O'Keeffe 
and Lyons, 2002], and the four-channel Compex Motion stimulator (developed at the 
Swiss Federal Institute of Technology in Switzerland) [Keller et al., 2002]. Regardless of 
their portability and friendly-user interfaces, these systems still suffer from the same 
drawbacks of the single-channel systems and others such as increased number of wires and 
connections; and increased difficulty when positioning the electrodes, which is in turn 
proportional to the number of channels.
Limitations o f surface technologies
The previous paragraphs reflected the evolution of surface electrode FES systems for the 
treatment of drop foot, from the simple transistorised version proposed by Liberson and 
associates to more sophisticated developments such as multi-channel programmable 
stimulators and microcontroller-based self contained devices. However, as mentioned 
earlier in this chapter, the number of surface FES users has remained very low. The 
technical review summarised the drawbacks associated to this fact. These limitations have 
been identified and further described in various investigations as follows:
• Difficulties when donning and doffing the stimulator, electrodes and sensor. This 
problem is aggravated with an increase in the number of channels. During the 
evaluation of the patient’s perception to the single-channel ODFS, Taylor and 
colleagues found that 40% of the surveyed participants indicated the need for 
assistance when donning and doffing the device [Taylor et al., 1999a].
• Skin irritation and allergy. Although these problems can be minimised either with 
proper care of the electrodes or by replacing them with hypoallergenic versions, 
Taylor and co-workers [1999a] indicated that 22.4% of the respondents to the 
ODFS questionnaire had problems with skin allergy.
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•  Lack of selectivity, as a result of current spread towards unwanted areas, is likely to 
occur when using surface electrodes to stimulate deep muscles [Popovic and 
Sinkjaer, 2000]. In drop foot patients, high levels of intensity are often necessary to 
successfully contract the dorsiflexor muscles, which are innervated by the deep 
branch of the peroneal nerve. In addition, current does not flow evenly across the 
underlying tissue, owing to its non-uniform impedance. All these factors may result 
in undesirable activation of neighbouring muscles, and intolerable sensation 
provoked by activation of pain receptors proximal to the skin under the electrodes. 
Uncomfortable and painful stimulation has also been reported by patients as a cause 
of disuse of surface FES systems for drop foot correction [Taylor et al., 1998a; 
Taylor et al., 1999a; Taylor, 2000].
• Breakage of the connection wires and damage of the footswitch with use [Taylor et 
al., 1999a]. In order to overcome these shortcomings, other studies have 
demonstrated the feasibility of using either other sensing devices (e.g. gyroscopes 
[Henty and Ewins, 1998; Ghoussayni et al., 2002], accelerometers [Williamson and 
Andrews, 2000; Mansfield and Lyons, 2003], inclinometers [Dai et al., 1996], 
ultrasonic sensors [Michael, 1996] and combinations of them [Veltink et al., 2003; 
Pappas et al., 2004]), or biopotential signals (e.g. EMG [Vodovnik et al., 1965b; 
Thorsen et al., 2002]) to trigger surface stimulation. However, these alternatives 
also suffer from a number of limitations that are out of the scope of this 
investigation.
• Positioning the electrodes on daily basis can be a difficult and time-consuming task. 
It has been reported in many investigations as the major cause of disuse of these 
systems [Taylor et al., 1999a; Taylor, 2000; Burridge, 2001; Lyons et al., 2002]. 
Since this project aims to provide a feasible solution for this problem, this topic is 
further discussed below.
Electrode positioning issues
Although the procedure to place the electrodes seems to be simple, several investigations 
have asserted electrode positioning as a major problem when using surface electrical 
stimulators for drop foot. In a questionnaire applied to 99 patients to determine the reasons 
for rejecting peroneal muscle stimulators, Karsnia et al. [1990] found that a large number 
of the respondents had problems finding the site for stimulation. As a potential solution, 
the authors suggested tattooing of the electrode spots in every single patient. However, the
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electrode position for a given patient may vary from day to day, potentially as a result of 
variations in the calf muscular tone [Taylor et al., 1999b]. During the evaluation of the 
patient’s perception of the ODFS, Taylor et al. [1999a] reported that 88 of 160 respondents 
(107 current and 53 past users) experienced complications in electrode positioning. Later, 
Taylor and colleagues [2003] analysed results extracted from a similar survey which was 
applied to 98 volunteers who had used the ODFS for a long period of time (mean 3 ± 2.1 
years). They found that 72% percent of the respondents had problems with electrode 
positioning.
Other authors have stated the issue of electrode positioning as a major difficulty when 
setting up drop-foot surface FES systems [Granat et al., 1996; Rushton, 1997; Munih and 
Ichie, 2001]. A number of factors may compromise the effectiveness of the electrode 
placement task:
• Finding the right anatomical site for stimulation may require extended electrode 
repositioning. This task may be clumsy and exhausting for some hemiplegic 
patients, who have a lack of selective control of upper limb movement (i.e. 
dexterity), and also tend to fatigue after repeated attempts. Furthermore, the 
adequate site for stimulation may need to be re-identified any time the electrodes 
need to be reapplied.
•  Although self adhesive electrodes are the most commonly used, their conductive 
properties decay after several application/removal, leading to the selection of 
inadequate stimulus parameters and inappropriate current distribution during 
stimulation delivery [Baker et al., 2000]. Therefore, repeated remotion and re­
application of the electrode should be avoided to prolong the effectiveness of the 
conductive gel when performing the electrode positioning task. One suggested 
means of achieving this is by using electrode arrays as explained later in chapter 4.
• Granat [1996] emphasised that “it may be difficult to obtain an electrode placement 
that adequately controls both eversion and inversion using a single channel system”. 
This is in agreement with Voigt and Sinkjaer [2000] who also affirmed that “the 
peroneal stimulator does not create a natural ankle dorsiflexion, but a rather 
exaggerated dorsiflexion with a more or less excessive subtalar eversion depending 
on how well the device is mounted” . A dual-channel stimulator can be utilized in 
these cases, but as indicated above, it would increase problems regarding electrode
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placement, apart from aesthetic appearance and difficulties for donning and doffing 
[Granat et al., 1996; Lyons et al., 2002].
Implantable drop foot systems
Implantable devices (e.g. electrodes and stimulators) have been proposed in order to 
overcome the problems related to surface FES. Because the electrodes are permanently 
attached to the muscles/nerves, these systems eliminate the need for repositioning on a 
daily basis, and the level of output intensity required is much lower when compared with 
its superficial counterpart [Kljajic et al., 1992; Jaeger, 1994; Taylor et al., 2003]. Therefore, 
when using these approaches selective stimulation can be delivered straight to the 
muscles/nerves resulting in reduction of pain/discomfort and donning/doffing times 
[Rozman et al., 1996; Popovic, 2004].
Most of the implantable systems are powered and controlled by external units linked to 
implanted receivers and electrodes via a wireless link. The first versions of these devices 
consisted of one stimulation channel using either a bipolar electrode cuff wrapped around 
the nerve [McNeal et al., 1969] or a receiver/electrode combination contained in the same 
package [Jeglic et al., 1970; Strojnik et al., 1987]. Although these systems revealed 
encouraging results after being clinically tested [Waters et al., 1975; Strojnik et al., 1987], 
some problems such as the number of necessary surgical incisions, and the inability of 
obtaining a balanced dorsiflexion response (i.e. without exaggerated eversion or inversion) 
following implantation remained unsolved.
Later, an implantable system for drop-foot correction was developed at the University of 
Twente in Netherlands [Holsheimer et al., 1993; Holsheimer et al., 2000]. The system 
comprises a dual-channel silicone-rubber receiver which is implanted below the head of 
the fibula with electrodes attached to the epinerium of both branches of the peroneal nerve 
(figure 3.8a). Thus, balanced dorsiflexion can be attained by adjusting separately the 
intensity of the output delivered to each cuff. The power and the stimulus parameters are 
transmitted via inductive coupling, through the control box strapped around the lower leg. 
Stimulation is triggered using a footswitch. Initial results obtained from clinical trials in 
two patients revealed that the amount of eversion accompanying dorsiflexion could be 
regulated [Kenney et al., 2002]. However, the authors reported failure of the implanted 
radiofrequency receiver in two other patients after months of implantation. This device 
called STIMuSTEP is produced by Finetech Medical Ltd (Herts, UK), and distributed by 
Odstock Medical Limited (Salisbury, UK). In a more recent RCT with 29 post-stroke
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patients with chronic hemipelgia, Kottink and colleagues [2007] found a significant 23 % 
improvement in walking speed in the group undergoing stimulation versus only 3% 
obtained by the control group who used their conventional orthotic devices (AFOs or no 
aids at all). However, one participant dropped out of the study due to technical problems 
with the implant.
Haughland and colleagues [2000] in Denmark reported on a digital four-channel 
implantable stimulator driving a cuff multi-electrode (figure 3.8b). The ActiGait® 
(Neurodan A/S, Aalborg, Denmark) contains 12 electrodes equally grouped in four tri­
poles situated 0°, 90°, 180° and 270° encircling the common peroneal nerve close to its 
bifurcation, so that each cluster of electrodes is adjacent to fibres innervating a particular 
group of muscles. A PC graphic user interface allows individual adjustment of the intensity 
at each channel, such that pure dorsiflexion (i.e. without eversion and inversion) can be 
attained by balancing the output delivered to each group of electrodes. In a follow-up study, 
Burridge [2005] reported that 13 out of the 15 patients who received the implant continued 
showing improvement in walking parameters after approximately 15 months of use. 
Unfortunately, the remaining two patients required re-implantation of the cuff electrode, 
and hence, they were excluded from the study.
Figure 3.9. Implantable stimulators, a) STIMuSTEP.Adapted from www.odstockmedical.com (access date: 
01/07/2006). b) ActiGait®. Adapted from [Haugland et al., 2000].
In order to minimise the surgical trauma, an injectable miniaturised stimulator that can be 
either inserted to muscles or close to motor nerves have been recently developed [Loeb et 
al., 1991; Cameron et al., 1993]. The BION™ (figure 3.9a) consists of a glass cylindrical 
tube (2 mm diameter, 13 mm length) which encapsulates a receiving coil and an 
application specific integrated circuit (ASIC). The coil receives power and data transmitted
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from the external microcontroller-based unit, which can be worn by the patient (figure 
3.9b). Such data are transmitted to the ASIC responsible for regulation of the stimulation 
output. Finally, the stimulus is delivered through iridium electrodes located at each 
extreme of the tube. This micro-implant can be injected using a hypodermic insertion 
device which is also used to find the stimulation points prior to permanent implantation of 
the device. Weber et al. [2005] first reported the application of this technology for drop 
foot correction in one post-stroke patient. The researchers developed a hybrid system, 
which combines the BION technology with the self-contained features of the Walkaide®. 
The latter was used to control the stimulation delivery to three implants (initially four but 
one failed due to electromechanical issues) situated nearby the deep peroneal nerve and 
motor points of the tibialis anterior and peroneus longus muscles respectively. The BIONs 
were implanted in one post-stroke patient and its performance was compared against 
surface stimulation using video gait analysis. The results revealed that BIONic Walkaide 
produced a more balanced dorsiflexion (i.e. without foot eversion) than the obtained using 
the Walkaide® system alone. Unfortunately, further use of this approach for the correction 
of drop foot in larger samples of patients has not been reported to date.
Figure 3.10. BIONic Walkaide stimulator, a) close-up view of an implantable BION. Taken from [Loeb and 
Davoodi, 2005]. b) Illustration of the BIONic WalkAide system worn on the shank. Adapted from [Weber et 
al,  2004].
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Limitations o f implantable technologies
In general, one of the main disadvantages of implantable devices is that they require 
invasive interventions for implantation [Rushton, 1997]. Although modern surgical 
procedures for implantation are normally very safe, some patients may not be keen to be 
exposed to surgery [Popovic et al., 2001]. In addition, some potential complications may 
arise during and after implantation:
• There is a minimal risk of either surgical or post-surgical trauma which may lead to 
nerve damage. Prodanov [2003] pointed out that nerve damage in subjects 
implanted with epineural electrodes may occur as a result of excessive tension of 
the leads and/or errors in the implant procedure.
• Despite the aseptic conditions of modem surgical procedures, there is still a risk of 
infection.
• Additional surgery would be necessary if errors in implantation or malfunctioning 
of the implant occur. As mentioned above, there is evidence reporting on extra 
surgical interventions, carried out to replace faulty receivers in some of the patients 
[Kenney et al., 2002] and cuff electrodes in others [Burridge et al., 2005]. However, 
these problems have been already solved, making these systems more reliable.
• Likewise its surface counterpart, implantable FES also presents problems related to 
the use of footswitches and other sensors.
Discussion: Surface vs. Implantable technologies
The technical review revealed a number of advantages of implantable technologies in 
terms of selectivity, pain reduction, donning/doffing times and electrode positioning. 
Modern stimulator/electrode designs and improved implantation methods have minimised 
the potential risks and limitations of this technology. However, it should be borne in mind 
that implantable devices may not be suitable for patients with unstable neurological 
condition. Many post-stroke patients have the ability to regain lost function as a result of 
self reorganization and recovery of the CNS at early stages of the rehabilitation period. 
These individuals may improve their pathological state to some extent in which FES is no 
longer required [Popovic et al., 2001; Prodanov et al., 2003]. Other post-stroke patients 
may experience changes in their neurological condition which demand either readjustment 
in the position of the electrodes or addition of more electrodes/channels. Prodanov et al. 
[2003] pointed out that patients should reach a stable neurological status prior to
39
Chapter 3 FES for drop foot correction
implantation (i.e. one and a half or two years after stroke, when spontaneous recovery can 
be excluded [Keller, 2001]). Furthermore, the neurological condition of MS patients may 
progressively worsen to a point at which electrical stimulation may not generate adequate 
functional responses. In addition, for some of these patients, the sensory component of the 
stimulation is important [Ewins and Durham, 2008].
For all the aforementioned cases the use of surface electrodes is more suitable, since they 
are relatively easy to reconfigure, allowing accommodation to changing conditions of 
patients [Lawrence et al., 2004]. Therefore, surface FES is usually recommended as a 
therapeutic and orthotic aid prior to the implantation of a permanent device [Keller, 2001; 
Popovic et al., 2001]. These reasons have motivated research groups established in the UK 
and different countries to investigate potential solutions to the electrode positioning 
problem with surface technologies using electrode arrays. The following chapter presents a 
critical review of these systems, emphasising on their benefits and drawbacks. Problems to 
be addressed in order to improve current surface-array technologies are discussed, and 
directions for future work are proposed.
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Chapter 4 : Surface Arrays - A potential solution for 
electrode positioning
Several investigators have undertaken research in order to address the difficulties 
associated with transcutaneous electrode positioning. One alternative proposed is the use of 
surface electrode arrays. The latter are matrices containing a number of conductive fields 
that can be dynamically selected using appropriate hardware; so that stimulation can be 
delivered to different parts of the underlying tissues at different times, in order to find an 
adequate site for stimulation. The literature review revealed a number of surface arrays that 
were classified into two groups:
• Low resolution arrays, formed by small numbers of large conductive pads that can 
be switched either one by one or in groups.
• High resolution arrays, formed by large numbers of small conductive pads that can 
be electrically grouped and then finely moved as a whole within the limits of the 
array, allowing emulation of clinical electrodes of different sizes and shapes (i.e. 
virtual electrodes).
Array-based FES systems allow the users to find an appropriate position for the active 
electrode without the need for repeated reapplication and removal of the array. This may
be beneficial not only to prolong the life of the electrodes, but also to facilitate the
positioning task in patients with compromised hand function [Whitlock, 1995]. Different 
approaches based on surface electrode arrays for upper and lower limb FES have been 
reported in the literature. The following sections present a critical review of these technical 
advances, focusing on the issues that need to be addressed in order to gain clinical
acceptance. Finally, directions for future work are proposed.
4.1. Array-based FES systems for hand and arm function
Different systems have been developed for restoration of arm and hand function based on 
electrode array. M ost of these approaches have been intended for improvement of grasping, 
reaching and task related objectives.
4.1.1. Ben Gurion University systems
Array-based systems for hand function restoration were developed and tested at the 
Department of Biomechanical Engineering in the University of Ben Gurion, Israel. Nathan
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[1979] used electrode arrays to map the vectorial components of torque generated at the 
wrist joint as a function of electrode location in the forearm surface and current intensity. 
Two circumferential rubber belts containing cathodic and anodic electrodes were 
fabricated. The cathode belt was formed by 18 rectangular electrodes (10 x 30 mm) 
separated from each other by a distance of 15 mm. Although rectangular electrodes (14 x 
30 mm) were initially proposed for the anode belt, the author preferred to use 27 electrodes 
50% narrower (7 x 30 mm) and interspaced by a distance 10 mm. Thereby, activation of 
such electrodes in pairs permitted movement of the anode by approximately one-half of its 
original width per step.
The electrodes were made of copper and covered with gauze soaked in a commercial 
electrolyte gel. Spread of gel towards neighbour electrodes was minimised by adding a 
rubber separator to the inter-electrode gaps (figure 4.1). However, a drawback of this 
concept is that the electrolytic gel tends to dry out after long-term application. As 
mentioned in chapter 3, this results in uneven current distribution throughout the electrodes 
surface.
This system was evaluated with one normal volunteer. Both belts were aligned 
perpendicularly to the axis of the forearm and then firmly strapped. Sets of electrodes were 
defined by associating each cathode with a pair of anodes, so that they were situated as 
close as possible from each other (i.e. separated by a distance of 5 cm from the centre of 
the cathode to the centre of the anodes) and aligned parallel to the forearm axis. The 
electrode belts were interfaced with a personal computer, which allowed mapping of the 
isometric torque response to stimulation by testing all the possible set of electrodes at three 
different levels of amplitude (10, 15 and 20 mA). For each set of electrodes the electrical 
stimulus was continuously applied during 5 seconds, followed by resting periods of 30 
seconds to minimise the effects of fatigue. Constant-current rectangular monophasic 
double pulses (pulse duration = 300 psec, delay between pulses = 700 psec) at 50 Hz were 
used. During the experiments, the forces exerted at the wrist joint as a result of electrical 
stimulation were recorded for each set of electrodes using a joystick-like arrangement of 
force transducers in combination with a special glove. The collected data were used for 
calculating the resultant isometric wrist torque produced by each electrode set. 
Photographs of the hand taken while applying the stimulus were used for determination of 
the lever distance between the centre of the joint and the point of application of force in the 
transducer.
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The charts obtained by Nathan revealed the existence of four regions in the forearm surface 
within which stimulation can be applied with different sets of electrodes at different 
positions, in order to generate the torque necessary to produce the desired pattern of wrist 
motion. Nathan also studied the effects of fatigue and repeatability of the response after 21 
consecutive stimulations without relocating the array. The results of this experiment 
showed a reduction of wrist torque of 12.5% and an angular standard deviation of 3.6° in 
the direction of the resultant torque. The author emphasised, however, that additional 
errors resulting from longitudinal array misplacement could have affected these results, if 
the electrode belts were removed and reapplied in subsequent trials.
Figure 4.1. Electrode belt concept. Adapted from [Nathan, 1979],
Ten years later, Nathan developed and evaluated a system for restoration of upper limb 
function in two tetraplegic subjects. The computerized system included a 24 channel 
electrical stimulator connected to a carbon-rubber electrode array formed by 12 pairs of 
bipolar rectangular electrodes ( 5 x 1 7  mm) contained in one elastic mesh sleeve [Nathan, 
1989]. A commercial conductive gel spread over the stimulation surface was used as the 
electrode-skin interface. A voice recognition system was used by the patients to invoke a 
set of pre-programmed sequences of stimulation applied to various muscles (using 
different pairs of electrodes per action), resulting in different functional movements (i.e. 
arm motion, hand grasp/release, pinch). Visual feedback of the system was presented on 
the computer screen, and it was combined with direct observation of the hand position to 
allow guidance during the execution of the tasks. Constant current, square double pulses 
(current = 0 - 40mA, frequency = 1 5 - 5 0  Hz) were utilised for muscle activation. Different 
tasks (i.e. eating, drinking and writing) were achieved by two of the quadriplegic patients 
when using the system. Nathan reported that ‘the patients expressed that they feel their 
arms to come to life again after many years of inactivity’. However, owing to the same
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reasons discussed above, the use of gel paste as a conductive interface between the array 
and the skin can be regarded as a disadvantage of this system. In addition, it is important to 
emphasise that this system was initially developed for research purposes, and therefore, it 
involved burdensome equipment and software that made its use dependant on the user’s 
level of competence in operating computers. For these reasons, the author expressed that 
the next stage of the project would involved re-designing the system in order to minimise 
the time and expertise required to set up and operation to make it suitable for home use. 
Unfortunately, this group has not reported further work related to improvement of this 
approach to date.
4.1.2. Virtual electrodes
Over the last years, a new concept of FES using surface electrode arrays has emerged. As 
mentioned earlier, various researchers have proposed that having a high-resolution fully 
selectable array, ‘virtual electrodes’ (VEs) of different sizes and shapes can be formed by 
clustering several of its physical miniature electrodes [Lawrence et al., 2004; Popovic- 
Bijelic et al., 2004]. Once configured, a VE can be electronically scanned within the whole 
region defined by the array by switching on and off its conductive pads. The resolution 
with which a VE can be effectively moved along the conductive surface of the array 
depends on both, the size of each electrode and the inter-electrode separation. In simple 
words, it has been proposed that smaller electrodes and shorter inter-electrode separations 
would allow precise and fine motion of the VE throughout its space. This approach can 
potentially be implemented as both, closed and open loop systems. The following sub­
sections describe the existing approaches based on this concept.
ETHZ textile arrays
Researchers at the Swiss Federal Institute of Technology in Zurich have developed a 
system for generation of functional hand movement based on VEs [Lawrence et al., 2004]. 
As shown in figure 4.2a, the design involves a 4 x 4 array of 1 cm2 conductive silver- 
coated pads separated from each other by an inter-electrode distance of 2 mm. One square 
(24 cm2) self-adhesive electrode was used as the anode and placed on the anterior aspect of 
the arm, close to the wrist (figure 4.2b). The array was driven by a microcontroller-based 
selector box interfaced with a personal computer via RS-232. Conductive pads could be 
selected by clicking checkboxes in the graphic user interface, allowing configuration and 
control of VEs [Pietz and Peters, 2003]. A Compex ® electrical stimulator was also
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connected to the selector box, which distributes the stimuli to the energised electrodes 
forming part of a current VE. Constant current biphasic pulses (pulse duration = 250 psec, 
max current = 15 mA) at 20 Hz were used during experiments.
Figure 4.2. ETHZ Textile electrode array, a) The active array, b) array placed over the arm of the subject. 
Adapted from [Kirstein et al., 2003].
In order to assess muscle selectivity and force generation, flexor forces exerted by the four 
fingers during grasp with and without stimulation were measured using a grasp evaluation 
system developed by the same group [Keller et al., 2000]. Thirteen normal volunteers 
participated in the trials. During the first part of the experiment, maximum voluntary 
contractions (MVC) were recorded from each subject. During the second part, Compex ® 
conventional electrodes (area was not given by the authors) were used at the cathode and 
anode locations. Electrical stimulation was applied during five seconds at the maximum 
amplitude tolerated by the participants. It was performed four times with relaxing intervals 
of 20 seconds between each application. The location of the cathode was marked on the 
arm and then replaced by the array of electrodes. Conductive gel was applied in order to 
keep good contact at the tissue-electrode interface. VEs of different sizes ( lx l ,  4x4, 3x3 
and 2x4), were configured and tested at various locations to produce flexion of the little, 
ring and middle fingers [Lawrence et al., 2004]. The stimulation parameters and ON/OFF 
time intervals were maintained as above.
Values of force were recorded while scanning different VEs along the electrode array. 
Lawrence et al. reported that the smallest forces (even smaller than those obtained when 
using conventional electrodes) were observed during simultaneous activation of all the 
electrodes in the array. Conversely, forces comparable to MVC were sustained by some of 
the subjects when using 3 x 3  and 2 x 4  VEs. The highest values of force were attained by 
the nearest VEs to the motor points.
The work developed at the Swiss Federal Institute of Technology Zurich demonstrated the 
feasibility of electrode arrays integrated into wearable textiles. Lawrence and colleagues
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concluded that similar stimulation to those obtained with conventional surface electrodes 
can be attained using these arrays. However, some drawbacks of this approach were 
identified in this review as follows:
•  The generation of smaller forces when using the array may be partly due to poor 
electrode-skin contact. In a previous evaluation of this array, Kirstein et al. [2003] 
reported that the interface array-skin is extremely pressure dependant, and therefore 
suggested its incoiporation in a tight garment. However, the latter may restrict 
blood flow and cause discomfort in some patients.
• The use of commercial gel paste may compromise the uniformity of the current 
density distribution during long-term applications, compromising the quality of the 
stimulation.
• Owing to limitations in the array size, simultaneous stimulation of the index and 
little fingers could not be achieved [Lawrence et al., 2004].
•  The authors emphasised that the large variations in force observed when shifting 
the VEs by one step suggested the need for an array formed by a higher number of 
smaller electrodes, whereby finer positioning of the VE could be achieved to 
provide more selective stimulation patterns.
In order to overcome some of the limitations described above, a second enhanced version 
of the array was created. It consisted of an 8 x 8 electrode matrix with similar 
characteristics to the previous prototype reported by Lawrence et al [2004]. It was 
positioned over the ring and middle flexor activation sites of one normal subject. Hardware 
and software were developed to electronically create and shift virtual cathodes and anodes 
at any part of the array. During the experiments, a 2 x 2 virtual cathode was created and 
then scanned all over the array surface (except from one corner where a static return 
electrode was configured by grouping five adjacent pads). Isometric forces from the 
fingers were recorded per VE during the continuous application of asymmetric biphasic 
current pulses (current = 9 mA, pulse duration = 300 psec) at 25 Hz for 5 seconds 
[Lawrence et al., 2006]. The authors reported that the ring and middle finger could be 
selectively stimulated, showing maximum forces of 21 and 14 N respectively. It was also 
reported that selectivity did not improve when using VEs combined with non-uniform 
current intensities.
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Figure 4.3 shows a second array version tested using the abovementioned system. It 
consisted of an arrangement of 10 x 6 embroidered conductive fields contained in a 
garment sleeve which can be easily attached to the lower arm [Keller et al., 2006b]. In 
spite of the system capabilities for creating and shifting virtual anodes, a conventional 
electrode ( 5 x 5  cm) placed proximal to the wrist was the indifferent in these trials. 
Experiments in normal volunteers (relevant data to number of subjects and age was not 
given) were first carried out. Isometric finger force was measured using the Dynamic 
Grasp Assesment System [Keller et al., 2000], while activating each electrode field in 
random order with 5 consecutive stimulation pulses of 200 psec at 20 Hz. The stimulation 
intensities utilised when scanning the whole array area ranged from 8 to 12 mA. Resting 
periods of five seconds were given in between VEs testing.
Keller et al [2006b] reported that selective activation of the long finger flexor muscles of 
the middle and ring finger was attained. Increments in force were obtained with increasing 
stimulation levels. The researchers also reported that index finger flexion was weak, since 
the motor point for this muscle was situated out of range of the array. This issue could be 
improved by increasing the stimulation intensity, but compromising the selectivity of the 
response.
Figure 4.3. High resolution electrode array set up for grasping function. Adapted from [Keller et al., 2006b].
Further experiments were performed with 2 post-stroke volunteers. By using specific 
stimuli parameters (i.e. pulse duration = 1 5 0  psec, current range = 1 8 - 22  mA, frequency = 
25 Hz), three activation regions over flexor muscles allowing different wrist and finger 
movements were encountered. Stimulation was applied sequentially over each region for 
five seconds, with ramping time of 1 sec and resting periods of 1 second. The angular 
position of the hand was measured with a commercial glove specially developed for virtual 
reality applications (P5 data glove, Essential Reality Inc.). The resting position for the hand 
as measured by the glove was 0° of radial/ulnar deviation, 40° of wrist flexion and 80° of
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finger flexion. Keller and colleagues stated that the aim of the experiment was to activate 
finger extensors with minimal radial/ulnar deviation in the wrist, as well as wrist extension 
with little or no activation of the finger extensors. Results from trials showed that a certain 
degree of selectivity between finger and wrist extension was achieved using this multi­
channel approach. Furthermore, the authors pointed out that finger extension can be 
electrically induced to overcome not only paralysis, but also flexion hyperactivity in post­
stroke individuals. It was also emphasised that their system is the first reported in the 
literature that permits real-time adjustments of the electrode size and position for multiple 
regions contained in an electrode array.
Keller et. al. [2006a] also developed automatic methods to detect activation regions in the 
forearm muscles for selective finger movements using the second version of the electrode 
array. In order to control hand grasp, the system automatically adjusts the stimulation 
parameters and selects the conductive pads of the array, based on information obtained 
from historic activation maps of the little, middle, ring and index finger. The maps were 
created by randomly testing each one of the pads during 5 ms (with resting intervals of 4.5 
s to minimise fatigue), whilst the isometric force produced by each of the involved fingers 
during the application of the stimulus was recorded using a grasping force acquisition 
system (for further information about this system refer to [Keller et al., 2000]). Using the 
maps, the algorithm first searches for pads producing the strongest contraction without 
overlapping the activation regions of other fingers. After trials with 8 healthy volunteers, it 
was concluded that the algorithm has a potential as a closed-loop strategy for controlling 
grasp. However, Keller and colleagues emphasised that the system was tested with 
isometric force data only, and therefore, it could be used in a practical application only 
when a wearable device for measuring either non-isometric finger forces or other relevant 
data becomes available [Keller et al., 2006a].
Actitrode® system for grasping
Investigators at the University of Belgrade developed a different concept of an array based 
system for restoration of upper limb function [Bijelic et al., 2004b; Popovic-Bijelic et al., 
2004; Popovic-Bijelic et al., 2005]. The researchers proposed a system for eliciting 
grasping function in spinal cord injured (SCI) subjects. The Actitrode®, comprises a 6 x 4 
electrode array combined with a user interface. Twenty-four circular electrodes (1 cm 
diameter, interspaced by 5 mm) were distributed over a 5 x 8 cm flexible substrate made of 
biocompatible polycarbonate. The electrodes were built using a conductive ink imprint, a
48
Chapter 4 Surface Arrays: A Potential Solution for Electrode Positioning
silver two component adhesive and a conductive micro fibre textile that must be damped 
before being placed over the skin. The microcontroller-based switching box was designed 
to manually drive the array with 24 transistor-based push-button switches. This system was 
used in conjunction with the Actigrip CS® stimulator (Neurodan A/S, Aalborg, Denmark), 
yet it can be also coupled to any other whose outputs do not exceed 100 V.
Experimental trials were carried out in order to generate hand functional grasp/release 
using different patterns of electrode selection. The system was initially tested on three 
tetraplegic subjects with muscles responding to electrical stimulation (number of 
experimental sessions were not indicated). Figure 4.4a illustrates the electrode setup in the 
forearm. Four stimulation channels were enabled. Two of them were connected to two 
active arrays placed at the volar (anterior) and dorsal sides of the forearm respectively, in 
order to control wrist and fingers movements (details of the connection of both arrays to 
the switching box were not given). The remaining channels were connected to two active 
single-electrodes which controlled the thumb function (not shown in figure 4.4.a). One 
common anode was placed over the carpal tunnel. Monophasic constant current pulses at 
50 Hz and 250 psec were delivered by the stimulator. The pulse amplitude was adjusted 
from 5mA to 40 mA during stimulation delivery, according to the individual response of 
each subject involved in the study. Joint angles were measured using Penny and Giles 
flexible electrogoniometers (Biometrics LTD, Gwent, UK) and then processed and 
recorded in a personal computer using a data acquisition system (figure 4.4b).
Figure 4.4. Experimental setup, a) Electrodes placement, b) Performing a grasp. Adapted from [Bijelic et al., 
2004b].
The aim of the experiment was to test different electrode layouts (i.e. by switching on and 
off the conductive fields) in order to produce functional movement as defined by the 
authors -  i.e. finger flexion/extension leading to strong grasp and release without excessive 
wrist deviation (radial/ulnar and palmar/dorsal no greater than 15°). Initial selection of the 
electrodes was made in accordance to the anatomical position of the motor points involved
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in functional motion. The experiments also involved testing of electrode layouts at 
different forearm positions (i.e. pronation and supination).
Initially, effective flexion at the finger joints leading to successful palmar grasp was 
generated for all the subjects while grasping a small bottle. However, the authors reported 
that motion of the hand with respect to the forearm compromised the achieved function. 
The electrode selection was dynamically changed based on visual feedback during 
stimulation, until a functional response was attained. A grasping pattern with less wrist 
deviation was then obtained for all the three subjects after the selection of the appropriate 
electrode layout for each one. It was found that size and shape (i.e. irregular and branched 
pattern) of electrode layouts were repeatable within subjects from session to session, but 
differences were observed between subjects. They also observed that the electrode pattern 
should be varied in accordance to the arm position (i.e pronation and supination).
The researchers concluded that a major advantage of the system is the possibility of 
changing the electrode layout simultaneously with the application of electrical stimulation. 
This feature allows dynamic reconfiguration of sizes and shapes in order to compensate for 
the motion of the electrode with respect to the stimulation sites during electrically induced 
muscular contractions. Popovic-Bijelic also reported that during the first session therapists 
spent approximately 5 minutes per stimulation channel finding the adequate position of the 
electrodes for effective grasping.
The Actitrode® system was also evaluated on three acute post-stroke patients (48 ± 5 years 
old, more than 6 years after stroke) [Bijelic et al., 2004a; Bijelic et al., 2004b]. This time 
functional grasps involving different objects (i.e. pen, compact discs) were analyzed. 
During the first session, the initial selection of the electrodes was made in accordance to 
the anatomical locations of the motor points of the muscles involved. Thus, electrode 
patterns were selected until the best possible functional grasp and release were achieved. 
The duration of this process was about 5 minutes per array. The electrode shape obtained 
for functional grasp was recorded and used as starting point for the following session, 
reducing the electrode configuration process to one minute per array.The findings revealed 
once again that different electrode selections were required for different positions of the 
forearm. Bijelic and colleagues concluded that the electrode shape must be redefined 
according to the movement of the skin with respect to the stimulated muscles. Another 
important finding was the small variation observed between electrode layouts recorded 
during first session and those obtained in subsequent sessions. Thereby, the latter
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demonstrated the possibility of determining personal templates during the first session that 
may be reutilised to facilitate and accelerate the selection of adequate electrode patterns in 
future sessions [Bijelic et al., 2004a]. Finally, the investigators affirmed that Actitrodes® 
of different dimensions and geometries can be fabricated to adapt to different body parts 
depending on the application.
The work carried out in Belgrade has been an important contribution to the state of the art 
of surface electrode arrays for FES, since it addressed for the first time aspects such as the 
reproducibility of the electrode patterns between sessions and dynamic changes in the 
electrode configuration as a result of variations in the position of the skin with respect to 
the motor points of muscles involved in grasping and releasing. Nevertheless, some 
disadvantages of this approach have been identified by the author of this thesis:
• The array switching circuit employed may be awkward to use by clinicians, carers
and particularly by patients with upper motor neuron lesions. Switching single 
electrodes one by one can be a time consuming task and becomes more difficult 
when larger or additional arrays (i.e. arrays with increased number of conductive 
pads) are involved. Therefore, electronically shifting of a pre-configured electrode 
shape along a high-resolution array using individual switching would be difficult 
and confusing.
• Conductive elements moistened with water tend to dry out, compromising the
conductivity of the array and the current distribution uniformity over time.
Conversely, excess of water may also generate unwanted conductive pathways.
In 2007, the use of Actitrode® for drop-foot correction was proposed. Further details are 
given in section 4.2.4.
4.1.3. University of Limerick’s electrode matrix
Investigators at the University of Limerick in Ireland have developed and evaluated an 
automatic method to control the hand position by selecting a pair of electrodes from an 
array [O'Dwyer et al., 2006]. The electrode array consisted of a matrix of six PALS® 
rounded electrodes (2.5 cm diameter, interspacing distance not given) distributed in two 
separate garments; one containing four of the electrodes located between the wrist and the 
elbow, whereas the other forms part of a glove that houses the remaining two electrodes 
(placed close to the wrist) and angular motion sensors (i.e. a biaxial accelerometer to 
measure flexion/extension of the wrist, and six flexible electrogoniometers -  i.e. two for
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measuring abduction/adduction of the hand, and four for measuring individual 
flexion/extension of the fingers) (figure 4.5). The authors emphasised that the garment 
division was necessary to allow accommodation to different arm sizes and lengths. The 
microcontroller based unit controls an analogue demultiplexor which distributes one- 
channel stimulation (i.e. asymmetric biphasic pulse of 350 psec of duration at 35 Hz) to a 
selected pair of electrodes. The stimulator used was the NT2000® (Neurodan A/S, 
Denmark).
Figure 4.5. Limerick electrode array, a) Distribution of electrodes on the forearm, b) Forearm electrode 
garment, c) Glove containing the two remaining electrodes and sensors. Adapted from [O'Dwyer et al., 2006].
Once the system is donned and initiated by the subject, the iterative algorithm first 
executes a configuration routine during which the tested electrodes and their corresponding 
sensory data are collected. Following this, the algorithm analyses the collected data and 
selects from the matrix the pair of electrodes (i.e. cathode and anode) which produces the 
ideal orthotic performance. Based on goniometric measurements of the involved joints 
[Norkin and Joyce White, 1995], the authors defined the ideal orthotic performance as “a 
hand response under electrical stimulation, which satisfies certain criteria particular to the 
requirements of a reaching motion: hand extension angle of 15°±5 at the wrist joint; finger 
flexion which is below a certain threshold (it was decided on a threshold of 25% of the 
maximum finger flexion angle); hand adduction/abduction angles which are below a 
certain threshold (it was decided on a threshold of 25% of the maximum angle).” Signals 
from the sensors were transmitted via an infrared link to a PC which acquires at sampling 
rate of 50 Hz, and displays the angles using proprietary software.
52
Chapter 4 Surface Arrays: A Potential Solution for Electrode Positioning
The system performance was assessed in ten healthy volunteers. The aim of the 
experiments was twofold: a) to demonstrate that an ideal pair of electrodes can be detected 
from the electrode matrix; b) to illustrate the inter-subject variability of the hand response 
to similar electrode placement. For every single participant, the electrodes were positioned 
in similar locations, which are likely to elicit hand extension. Two electrodes were placed 
proximal to the base of the wrist, whereas the remaining four were positioned over the 
hand-extensor muscles, close to the elbow. Each session comprised four sequences of 
electrode configuration testing. The software provided feedback information regarding 
each configuration tested by displaying the angles obtained and showing whether or not the 
hand response met the minimum criteria, allowing readjustment of stimulation intensity 
prior to retesting of the same electrode pair on the next iteration. The session finished 
either when the subject requested its suspension due to pain or discomfort, or when the 
total number of iterations was reached. Stimulation was continuously delivered for 3 sec 
per electrode pair, followed by resting periods of 2 sec.
At trial completion, the evaluation algorithm was executed to determine and display the 
electrode pair which best matched the ideal hand performance with its associated angular 
values and percent of stimulation intensities. In addition, statistical analysis (i.e. one factor 
ANOVA, p<0.01) of hand extension, adduction and abduction was computed from those 
iterations in which the ideal response was found. The results showed that best electrode 
pairs were found for all the participants. Finally, the statistical analysis revealed that hand 
response for similar electrode pairs was different across subjects. The authors concluded 
that the system was capable of identifying the best possible electrode set from the matrix of 
electrodes, despite the inter-subject variability.
O'Dwyer and colleagues [2006] have contributed to the current state of the art of electrode 
arrays with novel algorithms for automatic electrode selection in order to generate 
functional hand reaching when delivering stimulation through a set of conductive pads 
contained in an matrix of six elements. However, the author of this review is of the opinion 
that the use of large conventional pads may compromise the selectivity of the hand 
response when higher intensities are required to elicit functional movement in pathological 
subjects.
4.2. Array-based FES systems for drop foot correction
The potential use of electrode arrays in drop foot correction is not a recent idea. In order to 
overcome difficulties related to electrode placement, Liberson and colleagues [1961] first
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reported their intentions of constructing an array formed by four conductive elements that 
can be placed at four different locations over the skin. Swain [1988] suggested that 
problems associated with electrode positioning could be solved using an automatic surface 
electrode-array FES system which would permit the selection of an appropriate 
combination of elements for a given movement. Similarly, Rushton [1997] claimed the 
need for a self-tuning drop foot electrode system that would be able to optimize current 
distribution for foot position. All these ideas have motivated other researchers to undertake 
research focused on development and evaluation of array-based FES systems for drop foot. 
The following sub-sections outline work developed up to date by different research groups.
4.2.1. FESTIVAL project array
As a requirement for the FESTIVAL project (Functional Electrical Stimulation to Improve 
Value, Ability and Lifestyle), a self optimising electrode selection system for drop foot 
correction was developed. Initially, Whitlock [1995] investigated different alternatives for 
array fabrication. The use of either carbon rubber or conventional self-adhesive electrodes 
was first studied. The former option proved to be unsuccessful since it is dependant on gel 
application and straps to maintain an acceptable contact with the skin surface. In addition, 
as mentioned in chapter 3, the use of conductive gel paste may lead not only to uneven 
current distribution when it dries out, but also to provoke short circuiting between 
electrodes. On the other hand, the use of PALS electrodes showed better results during 
preliminary evaluation in one volunteer, who achieved the desired response (not described 
by the author at this point) when receiving stimulation using a four electrode array. 
However, Whitlock reported that this type of arrays require an interconnection cable 
formed by 2 mm plug endings, which not only would add bulk to the system (when using 
larger versions), but also would increase the connection times.
Another option evaluated by Whitlock was the fabrication of electrode arrays using Ag- 
AgCl stud electrodes mounted in a flexible backing. Nevertheless, this array also requires 
the use of conductive paste. In addition, Whitlock reported other problems such as 
difficulties ensuring good contact as a result of the increase in weight added by the pop- 
studs connectors to the overall array. Finally, a variety of flexible arrays of diverse 
topologies (i.e. different shapes, interspacing and number of pads) were designed and 
fabricated utilising printed circuit board (PCB) techniques. These arrays are more 
advantageous since they can be easily produced, and allow easy connection to external 
hardware using an adaptable flexible PCB edge connector [Whitlock, 1995]. Self-adhesive
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hydrogel was proposed as the skin-electrode interface, since this material eases fixation of 
the arrays to the skin. The adhesive gel can be applied to the array in two fashions: a) one 
single self-adhesive gel sheet covering all the conductive elements, or b) separate self- 
adhesive gel disks covering each electrode. Whitlock initially adopted the first option to 
ensure appropriate electrode contact, yet it was emphasised that the second was more 
convenient for this particular application as it provides better selectivity and the possibility 
of using the individual pads as sensors for EMG signals evoked by electrical stimulation 
(M-waves).
As shown in figure 4.6, first trials involved the use of a 4 x 2 flexible PCB array of 
rounded pads (size not given) affixed to the lower leg, just below the knee. EMG sensors 
were positioned over the peronei and tibialis anterior muscles. The location of the array 
was chosen so as to allow replication of electrode repositioning as usually performed by 
patients when using conventional surface FES systems. The return electrode (size not 
given) was placed over the tibialis anterior muscle, below the EMG sensors. The EMG 
signals were monitored using an oscilloscope while manually selecting switching different 
electrode groups. Adequate responses to stimulation (as defined by the author “foot lift as 
required by drop foot patients”) were achieved. Furthermore, variations in the tibialis 
anterior and peronei muscle EMG evoked signals were also observed for different 
electrode selections. According to Whitlock, such variations correlated well with foot 
motion, yet such assessment was subjective because of the inability of the system to record 
and process the EMG signals (i.e. the appearance of stimulation artifact or crosstalk from 
other muscles may have influenced the results). The author also pointed out that some of 
the stimulating electrode choices were painful.
Figure 4.6. FESTIVAL array-based system. Array, EMG sensors and return electrode positioning during the 
first trials. Taken from Whitlock [1995],
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Whitlock also pointed out that EMG sensors demand precise placement in order to 
minimise the effects of stimulus artifacts. In addition, the resultant M-waves vary with 
changes in EMG sensor placement. According to Whitlock and Peasgood [1997], it is very 
difficult to determine if the sensed M-waves are the required or those resulting from either 
incorrect positioning or bad contact of the electrodes. Furthermore, it was emphasised that 
the M-wave technique was based on the assumption that the evoked signals correlate to the 
foot motion, but this fact could not be confirmed by the system itself in real time. Whitlock 
[1997] then evaluated a 16-element flexible PCB array combined with an angular sensor 
for measuring the angular response of the ankle-foot to stimulation (figure 4.7).
a) b)
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Figure 4.7. a) 16-electrode array (neither the diameter of the pads nor interspacing distance between 
electrodes was provided by the authors), b) Two-fibre optic sensor mounted on the foot. Adapted from 
[Whitlock and Peasgood, 1997; Whitlock et al., 1997].
The array consisted of a flexible 50 pm thick polyimide PCB layout with copper tracks of 
35 pm height. A 25 pm polyester layer insulates the electrodes from other conductive parts 
of the layout, including the copper tracks. Fixation to the skin was achieved by using 
individual self-adhesive hydrogel discs. A closed-loop algorithm for optimal selection of 
electrodes was devised. The algorithm randomly selected groups of only four active 
electrodes based on information obtained from a two-fibre optic sensor which measures 
foot angular movement when stimulation was applied at prefixed levels of intensity. The 
sensor was mounted on both sides of the ankle joint. Dorsiflexion angles were obtained 
from variations in light intensity received at the photoreceptor, whereas eversion and 
inversion angles were obtained by subtracting the signals arising from both fibres 
[Peasgood et al., 1997]. This information was combined with pre-established thresholds to 
calculate a quality factor used to rank the electrodes according to a weighting scheme. 
Whitlock and colleagues reported that a minimum of four iterations were required to obtain 
an electrode selection providing adequate foot response [Whitlock et al., 1997]. The 
performance of the system was evaluated in six healthy volunteers and four patients (3 MS, 
1 post-stroke). The results of this pilot evaluation were encouraging and reflected the
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feasibility of using optimising algorithm to find adequate responses to stimulation using 
the array. However, a number of shortcomings of this approach were identified as follows:
• The algorithm only permits the selection of a fixed number of active electrodes 
depending on the number of elements contained in the array (i.e. in this case, four 
for an electrode array of 16 pads) [Whitlock et al., 1997]. The author of this 
literature review is of the opinion that this characteristic restrains the 
implementation of electrodes of different sizes and shapes which may obstruct the 
clinician’s decision of selecting different configurations for different patients 
according to his/her particular experience.
• The random nature of the optimising algorithm allows the selection of any 
electrode forming part of the array. In some cases this may lead to painful 
stimulation, particularly when the energised electrodes are ‘randomly’ dispersed 
over the periphery of the muscle belly [Whitlock et al., 1997].
• Whitlock et al. [1997] emphasised that the algorithm performance mainly depends 
on the mounting of the optical fibre sensor. The authors suggested the design of a 
specialized sock in which both optical fibres can be mounted. However, the author 
of this dissertation is of the opinion that the latter may compromise the precision 
and reliability of the measurements, as a result of either variability in the sensor 
position either every time the sock is donned on the patient, or when its position 
dynamically changes due to movement of the sock during gait.
•  The array was formed by coarse electrodes, restraining the possibility of finely 
searching for the adequate electrode positions.
With this work Whitlock and colleagues introduced a valuable contribution to the current 
state of the art of this technology in drop foot, since they considered for the first time the 
use of natural and artificial sensors to control the array, as well as the implementation of 
electrode arrays using flexible PCB techniques combined with self-adhesive conductive gel.
4.2.2. Leeds-Coventry system
Elsaify et al. [2004b] [2004a] developed an automatic system to evaluate the performance 
of an electrode array based on the twitch muscular response. The system comprised an 
electrical stimulator connected to an electrode array and feedback sensors. The stimulator 
was able to generate 12 different waveforms with adjustable parameters; pulse duration (0- 
500 ps), stimulus intensity (0-300 V), inter-pulse interval (0-100 ms). A switching circuit
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was built using high voltage MOSFET components, in order to allow the stimulus to be 
switched to a maximum of 64 conductive elements. According to the authors, other 
features of the system are self-tunning capability and compliance with the British standard 
BS EN 60601-2-10:2001 (Particular requirements for the safety of nerve and muscle 
stimulators). As shown in figure 4.8, a 4 x 4 array was formed using rectangular (20 x 10 
mm) PALS electrodes inter-spaced by a distance of 3 mm. A two-axis accelerometer 
ADXL202 (Analog Devices, Norwood MA, USA) was used to detect foot acceleration in 
the planes of inversion/eversion and dorsiflexion/plantarflexion resulting from muscular 
twitches. In addition, two miniaturised gyroscopes ADXRS150 (Analog Devices, Norwood 
MA, USA) were proposed to measure angular velocity within a range of ± 1507s, as well 
as a footswitch to detect gait events. However, explicit information regarding the use of the 
signals arising from these gyroscopes was not provided by the authors.
Figure 4.8. Electrode array built using conventional PALS. Reprinted from [Elsaify et al., 2004b].
The performance of the system was evaluated in 12 able bodied volunteers. During a single 
trial, the twitch stimulus intensity to be used to scan the electrode array was automatically 
adjusted by the system, which applied electrical stimulation to electrode number 1 in steps 
of 10V until a preset sensor threshold (maximum 150 V) was reached. This threshold was 
used by the automatic algorithm that sequentially tested every single electrode contained in 
the array. Accelerometer data (expressed in mV) per subject were collected and processed, 
in order to detect useful spikes of motion produced by twitches during the application of 
stimulation at each electrode. Using this information, the automatic scanning algorithm 
generates a ranked list of electrodes that are likely to be optimum, providing the patient 
with the alternative of selecting an electrode configuration that may be both effective and 
comfortable.
A continuous train of pulses was also applied to every subject, in order to determine the 
correlation between the spikes obtained when testing each electrode using the twitching
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response, and patterns of functional movement observed when evaluating the electrodes 
with conventional stimulation. For this purpose, the functional motion was visually ranked 
using an arbitrary scale of pre-established thresholds ranging from 0 to 5, and then 
correlated to the accelerometer data by calculating the Pearson Product Moment. Elsaify et. 
al. [2004b] pointed out that reasonably high values of correlation were obtained for most of 
the volunteers.
The work developed by Elsaify and co-workers depicted a promising pathway for the 
implementation of array technologies using accelerometers and gyroscopes as sources of 
feedback. The researchers proposed for the first time the implementation of an array 
optimisation strategy orientated to reduce pain and discomfort which often results from 
testing electrodes with continuous stimulation. The authors concluded that “the twitch 
response proved to be a good, fast and simple technique for assessing the efficiency of a 
surface electrode and optimising an electrode array”. Nevertheless, the author of this 
literature review has identified some drawbacks to this approach:
• The procedure followed to adjust the pulse amplitude to a threshold determined for 
only one electrode may lead to the utilization of inappropriate stimulus intensities 
and/or electrodes, resulting either in inefficient stimulation or painful sensation 
when continuous stimulation was applied. The authors emphasised that the poorest 
correlation values were obtained for those participants who experienced intolerable 
sensation (neither the value of r regarded as acceptable in this investigation nor the 
number of subjects showing the poorest correlation were indicated by the authors).
•  Fine tuning of the electrode position is not feasible, due to the dimensions of each 
conductive element contained in the array. This issue restricts the range of possible 
selective responses to stimulation, which would be much wider when using a 
higher resolution array formed by small electrodes. It should also be borne in mind 
that an electrode shift of 5 mm or larger towards any direction may vary the foot 
angular response to stimulation in up to 20° (Carrioni-Burnett and Webber [2002] 
as referred to by Heller et al. [2004]). The latter may occur with step changes in 
electrode position when using an array formed by coarse conventional PALS.
•  Another disadvantage of the array proposed by Elsaify and co-workers is that 
reapplication of the array might be time-consuming, since the electrodes need to be 
placed one by one, keeping the same distance between pads. Furthermore, 2 mm
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terminals are required for interconnection, adding extra-weight, bulkiness and 
increase in connection times [Whitlock, 1995].
• In this approach the electrodes were driven as independent stimulating elements, 
and therefore, only the area underneath each pad could be tested. The latter not 
only constrains the range of possible electrode positions over the stimulating 
surface, but also obstructs the implementation of different electrode sizes which 
are commonly available for clinician and patients in commercial versions.
4.2.3. Sheffield-Salford steerable array
Research groups at Sheffield and Salford Universities have worked together in solutions to 
surface electrode positioning based on the virtual electrode concept. An approach using an 
8 x 8 array of flat rounded (4.5 mm diameter) electrodes, all inserted in a rubber backing 
with 7 mm center to center inter-electrode spacing (figure 4.9) was initially proposed by 
Heller et al. [2004]. The researchers emphasised that the dimensions of the entire array (i.e. 
54 x 54 mm) were chosen to meet an overall size, large enough to cover the stimulation 
area (according to the authors the location of the stimulation site is approximately known a 
priori). However, the rationale for the size of the pads and interspacing was not given. In 
addition, the specifications of the array-skin conductive interface used during trials were 
not provided.
Figure 4.9. Prototype of Sheffield-Salford electrode array. Taken from [Kenney, 2005].
The array was attached to the lower leg below the head of the fibula, whilst the indifferent 
electrode (150 x 140 mm) was placed on the anterior shank. Hardware was developed to 
manually switch up to 16 electrodes simultaneously using flying leads. Two VEs were 
formed by clusters of four electrodes each. Both VEs were energised by two different 
constant current sources, whose amplitude levels were regulated by means of separate 
controls. One of the electrodes was used to stimulate the deep branch of the peroneal nerve
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to produce dorsiflexion, whereas the other delivered the pulses over the superficial branch 
to obtain a balanced position of the foot between inversion and eversion. The current 
intensity per channel was adjusted to the minimum values capable of producing useful 
movements. Detailed information concerning the experimental method, equipment and 
sensors involved in the acquisition of the angles was not provided. However, Kenney et al. 
[2005] reported later that “constant current pulses of 200 \xs at a frequency of 25 Hz” were 
the stimulation parameters used during the experiments. In the same paper, Kenney and 
colleagues also affirmed that “response to stimulation was measured from a magnetic 
movement tracker located on the dorsal aspect of the subject foot that measure 3D 
orientation” .
The system performance was evaluated in twelve normal subjects. Angular values of 
ankle-foot motion were recorded while both VEs were systematically tested along the array 
-  i.e. according to Heller and colleagues the first one was scanned to produce 15°of 
dorsiflexion, followed by the activation/scanning of the second one to steer the foot 
between inversion and eversion. Maps of dorsiflexion, inversion and pain were thus 
obtained from the trials (further information about these maps was not provided by the 
authors). The results indicated that six of the subjects obtained the desired movement (i.e. 
15 degrees of dorsiflexion with zero inversion/eversion) of the foot during the application 
of electrical stimulation. From the remaining participants, four of them could not achieve 
adequate movement. Heller et al. [2004] emphasised that better array placement could have 
facilitated the desired response in these sub-group of subjects. One of the remaining two 
volunteers could not voluntary dorsiflex the foot further than neutral, whereas the other 
was not able to tolerate the stimulation.
The work developed by Sheffield and Salford Universities has introduced for the first time 
the application of the virtual electrode concept for drop foot correction. Furthermore, their 
work addressed the issue of inadequacy of the stimulation response by proposing a novel 
strategy for scanning the electrode, in order to obtain a balanced dorsiflexion pattern with 
minimised pain and discomfort. Nevertheless, some shortcomings of this approach that 
were identified by the author of this literature review are:
•  The overall size of the array may be small (close to its 50 x 50 mm commercial 
counterpart commonly used in conventional surface FES drop foot systems). Based 
on clinical experience, the stimulation site not only differs from patient to patient, 
but also may vary for one patient over time. Therefore, in some cases the right sites
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for stimulation may be out of range with respect to the array. It could partly 
explain the lack of adequate responses to stimulation experienced by four of the 
volunteers (i.e. the authors stated that better placement of the array on these 
subjects might have permitted finding of functional response).
•  Switching the electrodes in manual fashion may lead to long-lasting and confusing 
experimental sessions.
• The size of the indifferent electrode may be too large, making the current spread 
more diffuse. This may compromise the quality of the stimulation, since other 
nerve fibres innervating non-targeted muscles and additional pain receptors can 
also be activated. In addition, the size of this electrode also restricts the reversal of 
the stimulation polarity and the use of symmetric biphasic waveforms.
• The method used to generate a balanced response maintains the stimuli for 
dorsiflexion while the second electrode/channel is being adjusted to obtain a 
balanced pattern of eversion [Heller et al., 2004; Kenney et al., 2005]. This action 
may accelerate the onset of fatigue in some groups of patients, particularly after 
testing several VE positions.
•  According to Sha et al. [2004], donning the array developed by Heller and 
associates was a time consuming process, due to the difficulty of keeping the array 
fixed to the leg. Thereby, the researchers evaluated the use of conductive gel sheets 
as electrolyte, in order to provide self-adherence of the array to the skin without 
compromising its performance (this work is reviewed in detail in chapter 5). One 
year later, Sha and colleagues [2005] reported on the future development of a 
virtual steerable system combined with an optimal array, whose specifications will 
result from two different investigations: a theoretical study (mathematical 
modelling) addressing the array selectivity issue and one experimental evaluating 
the sensation associated to electrical stimulation. Unfortunately, studies related to 
the development and experimental evaluation (involving healthy subjects and 
patients) of a physical prototype of the proposed array-gel combination and its 
associated intelligent system were not available in the literature at the time of 
writing.
4.2.4. Actitrode® for drop-foot correction
Azevedo-Coste and colleagues [2007] evaluated the feasibility of using Actitrode® arrays 
in 9 patients with drop foot. Two 6x4 arrays formed by rounded pads of 1.2 and 1.8 cm
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diameter were placed close to the head of the fibula and over the tibialis anterior 
respectively as shown in figure 4.10. Two return electrodes were positioned over the knee 
and below the array situated at the muscle belly respectively (details about the size of the 
return electrodes and the way in which they were used were not given). Each array was 
connected to a separate switching box, which in turn was connected to its own stimulation 
channel delivering pulses of 300 ps of duration at 50 Hz. The experiments comprised two 
stages. During the first stage, each conductive pad contained in each one of the arrays was 
sequentially tested whilst ankle angular data was recorded using a flexible 
electrogoniometer (Biometrics Ltd, Gwent, UK) in order to map the response to 
stimulation. In the second stage, VEs of different sizes and shapes were created by 
simultaneous activation of those pads inducing dorsiflexion on each patient. The ankle 
response to stimulation when testing the VEs was also recorded. It is important to 
emphasise that during both trials the patients were seated with their foot hanging freely 
while stimulation was applied.
The results of the first stage indicated that all the patients were able to attain dorsiflexion 
for some of the conductive pads of both arrays. Nevertheless, it was found that the 
response to stimulation when using the array situated close to the head of the fibula was 
very sensitive to minimal changes of intensity, leading to the elicitation of unwanted 
responses (not described by the researchers) that may compromise walking. The 
researchers reported that the shape of the VEs producing optimal responses to stimulation 
had always the form of a ‘tree-branched structure’ which was variable from individual to 
individual.
Figure 4.10. Actitrodes® for drop foot. Taken from [Azevedo-Coste et al., 2007].
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The work developed by Azevedo-Coste and associates extended the evaluation of the 
Actitrode® technology to drop foot applications. However, there are a number of 
limitations associated to this approach that were identified by the author of this dissertation:
• The researchers used only dorsiflexion values for judging the obtained responses 
when testing the arrays. It is important to emphasise that in clinical practice, the 
observation of foot response in the frontal plane is essential when finding the 
electrode position, since it plays an important role in gait stability. Different 
researchers with ample expertise in the use of FES for drop foot correction [Granat 
et al., 1996; Burridge, 2001; Taylor, 2002] have suggested that the electrically 
induced response of the foot must be either close to neutral, or few degrees towards 
eversion, in order to maintain a safety margin to prevent the ankle joint from 
turning over at initial contact.
• Likewise Elsaify et al. [2004], the arrays were formed by coarse pads, restricting 
the possibility of testing a number of positions in between, which are normally 
available when using conventional electrodes or arrays with higher resolution. 
Furthermore, it is important to remember that changing the electrode position more 
than five millimetres away from its previous one may induce a change of several 
degrees in the induced angular response [Carrioni-Burnett and Webber, 2002]. This 
can partly explain the inability of obtaining appropriate responses while testing the 
first array at some levels of intensity where a desired movement of the ankle-foot 
can be expected.
• As discussed earlier in the second part o f section 4.1.2, the manual operation of 
Actitrodes® with the switching box can be awkard and confusing for clinicians, 
carers and patients. In this case, the difficulty was further increased, as two 
switching boxes and two arrays were involved. Azevedo-Coste and colleagues 
[2007] concluded that there is a need for a matrix electrode which could be 
automatically adjusted. The authors stated that current work is being carried out to 
replace the electrogoniometer by accelerometers that can be used as sensors for 
automatic array optimisation and controlling of the stimulation delivery during 
walking. Unfortunately, results of the evaluation of these sensors were not available 
at the time of writing.
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4.3. Discussion: key issues with surface arrays
The literature survey presented in this chapter revealed the potential use of array-based 
surface FES system for upper and lower limb function. Nevertheless, a number of 
limitations in the current technologies are delaying the definitive acceptance of these 
solutions for facilitation of electrode positioning in drop foot systems. In this work, these 
problems were classified in three categories:
Problems related to array design
Some of the arrays described in this chapter consisted of a small numbers of coarse 
electrodes, which may restrict the detection of a wide range of possible sites where the 
desired response to stimulation may be located. In addition, some of them were built using 
individual pre-gelled electrodes, which introduces other limitations such as an increase in 
donning times, bulkiness and number of connections. In order to overcome these issues, 
the concept of ‘virtual electrodes’ was introduced in recent developments. Arrays were 
then built with large numbers of smaller electrodes equally interspaced and embedded in a 
backing substrate; allowing the electronic creation and operation of electrode clusters 
emulating larger electrodes. Most of these arrays have been developed and evaluated for 
restoration of hand function, and therefore, their geometry may be inadequate for drop foot 
FES. Furthermore, problems related to selectivity of the response to stimulation, 
misalignment, insufficient contact, and inappropriate selection of array-skin conductive 
interfaces have also been identified.
As reported in the previous section, research groups at Sheffield and Salford Universities 
have proposed a solution based on the combination of a high-resolution array with a 
conductive gel layer; in order to provide sufficient adherence and selective stimulation 
during the electrode positioning task in drop foot FES. However, the overall size of the 
array seems to be inadequate, such that a number of potential sites for stimulation may be 
located out of the range of the array. In addition, studies reporting on the development and 
evaluation of this array-gel combination in healthy volunteers and patients with drop foot 
were not available at the time of writing.
Inadequacy o f  user interfaces
Most of the approaches reviewed above were open-loop systems, which do not require 
feedback signals for controlling the process of electrode placement, yet these systems 
involve the use of sensors for data collection purposes. The first versions of these
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approaches were intended for restoration of upper limb function. Owing to the limited 
technology existing at that time, these systems involved complicated methods and 
equipment unsuitable for home use. More recent developments involved manual switching 
strategies for the creation of virtual electrodes of different sizes and shapes. However, 
manually switching of electrodes by using either flying leads or individual switches could 
be awkward and confusing, particularly when involving large arrays. Later, the 
development of a programmable switching box interfaced with a personal computer was 
also reported. This approach permits control of arrays with large number of conductive 
elements. However, there is no evidence regarding the practicality of this technology in 
clinical and routine use.
In summary, all the user interfaces reviewed in this chapter were mainly designed for 
experimental trials directed at the evaluation of the response to stimulation, using different 
array configurations and stimulation parameters. Studies reporting on developments and 
assessment of suitable user-interfaces for clinicians and patients were not found in the 
literature to date.
Lack o f  appropriate automatic control strategies and sensors
Electronic manipulation of the electrode position based on visual feedback may be still 
very difficult for a group of drop foot individuals owing to their neurological conditions. 
For these patients, a surface FES electrode-array system based on an improved automatic 
control to facilitate this task on a daily basis would be desirable. The literature survey 
revealed the existence of array-based systems involving closed-loop control algorithms and 
natural/artificial sensors to find the electrode position in static conditions (i.e. only while 
seated). However, a number of limitations related to the working principles of the 
algorithms and the practicality of the sensors involved were identified. First of all, it should 
be borne in mind that sensors that are easy to calibrate and to attach in a repeatable manner 
must become available prior to the implementation of closed loop strategies. Secondly, 
most of the automatic approaches described in this chapter were under development, and 
hence, definitive results proving then* clinical use and reliability for optimising electrode 
arrays were not available at the time of writing.
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4.4. Conclusions
In summary, the literature review identified a number of issues related to electrode arrays 
for FES:
• There is a lack of friendly operating interfaces (open-loop systems) that can be used 
by patients/carers to position the electrodes on daily basis with minimum effort and 
time.
• There is a need for a larger high-resolution electrode array intended for fine 
scanning of the active electrode over a wide range of positions over the skin where 
adequate responses to stimulation are likely to appear.
• There is a need for improved and tested control algorithms and sensors easy to don 
and calibrate.
• There is limited published work presenting experimental results of the evaluation of 
surface arrays intended for assisting patients with drop foot in finding the 
appropriate position for the stimulating electrode.
The literature review suggested that an approach based on virtual steerable electrodes 
could be viable, bearing in mind issues regarding practicality and ease of use of the system 
by patients, carers and clinicians. It is important to emphasise that none of the 
investigations reviewed in this chapter have assessed the use of array-based FES 
approaches from the patients’ point of view. For such a purpose, however, an appropriate 
electrode array (not only large enough to cover all the area where elicitation of adequate 
responses might be possible, but also with sufficient resolution to allow fine tuning of the 
VE position) together with a potential friendly user interface must become available first. 
The array-based FES system proposed in this work is the suggested alternative to address 
this need.
Therefore, this project was mainly directed at the development and evaluation of an open- 
loop array-based FES system. It is believed that this approach will allow the user to find 
the adequate site for stimulation in a faster manner with reduced effort. It is also the 
author’s belief that the proposed system will provide a valuable tool for the clinical 
assessment of the patients’ response to electrical stimulation. The array design, modelling 
and fabrication will be the topic of the following chapter, whereas subsequent chapters will 
focus on the development of hardware and software to drive the array, as well as on the 
evaluation of the overall system in healthy and drop foot individuals.
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Finally, it is important to highlight that the approach proposed in this project was 
envisioned to provide a pathway for future implementation of a self-contained and portable 
FES device, offering a high-resolution electrode array sleeve which will allow for 
misalignment errors. It is believed that such a system will permit configuration and fine 
steering of different virtual electrodes that can be tailored in accordance to the patient 
needs.
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Chapter 5 : Design and development of a novel electrode 
array
The study of the current literature presented in chapter 4 revealed a lack of electrode arrays 
ready for clinical use in patients with drop foot. Nevertheless, some of the approaches cited 
in the previous chapter have contributed to the state of the art of the array based technology, 
providing a pathway for the development of future enhanced versions. This motivated the 
author of this work to design and develop a novel high-resolution array, which when used 
in combination with a new rapid-prototype FES system (described later in chapters 6 and 7) 
is expected to fulfil the demands of this project. This chapter is focused on the design, 
modeling, electrical characterisation and fabrication of the array.
5.1. Array performance requirements
As discussed earlier, one of the requirements for testing the hypothesis established for this 
work involves the use of an electrode array suitable for the experimental evaluation of the 
electrode positioning task in patients with drop foot. Such an array should meet the 
following requirements:
•  Must provide muscle selectivity1.
• Must permit sufficient flow of current through the skin in order to activate the 
motor nerves, and thus provoke muscular contractions responsible for functional 
movements.
• Must permit the emulation of commercial electrodes of different sizes whose
position can be readjusted in fine steps.
•  Must conform uniformly to skin and maintain a reliable contact.
• Must be easy to don and doff.
• Must comply with relevant safety standards, e.g. BS EN 60601-1-1:2001.
A plan for the development of an electrode array was first devised (figure 5.1). During the 
first stage, two array geometries layouts were initially designed with preliminary 
spectifications. Since an electrode-skin interface was also necessary, different alternatives 
of self-adhesive conductive gels were investigated. As a result, a two manufacturing
1 In the context of this work, muscle selectivity is the capability of activating specific muscles in order to 
produce distinct patterns of ankle-foot angular movement.lt results from spatial selectivity which can be 
regarded as the ability of the array to stimulate different parts of the peroneal nerve when using various 
electrode sizes and positions.
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companies (details given later in this chapter) were contacted to request not only technical 
information, but also samples of different electrolytes. In the second stage, finite element 
analysis was implemented to model the proposed geometries combined with two different 
options of commercial self-adhesive gel layers chosen for evaluation. During this stage, the 
four preliminary array/gel combinations were fabricated in hard PCBs, characterised and 
compared against a clinical FES electrode of similar dimensions. At the third stage, the 
favoured array geometry resulting from stage two was then fabricated on a flexible PCB 
material and combined with the best option of self-adhesive gel. Finally, methods for 
fixation of the array to the leg, as well as mechanisms for protecting the patient and the 
array against potential dangers (e.g. pulling the connecting wires accidentally) were also 
developed during this stage.
Figure 5.1. Flowchart for the development of the Surrey Electrode Array.
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5.2. Stage 1: Array specifications and layout design
In this stage, two preliminary arrays of different geometrical characteristics were designed 
based on considerations and ideas derived from the literature review. In addition, research 
about potential electrode-skin interfaces was also carried out, in order to obtain their initial 
parameters which were used later in stage 2 during the modeling work.
5.2.1. PCB layouts
Considering that changes in foot angular response up to 20° may occur when a surface 
(conventional) electrode is shifted by about five millimeters from its initial position 
[Carrioni-Burnett and Webber, 2002] as referred to by [Heller et al., 2004], the pads 
dimensions and inter-electrode separations for the electrode arrays proposed in this project 
were chosen to meet the best possible compromise between the minimal resolution 
necessary for fine shifting of the virtual electrodes and conventional PCB fabrication 
techniques available in the Centre for Biomedical Engineering at the University of Surrey. 
As a result, two PCB electrode array layouts of different geometries were designed. The 
first layout (figure 5.2a) comprised a matrix of 12x10 square elements (3x3 mm, 35 
microns height) equally interspaced by 3 mm. The second layout (figure 5.2b) was similar 
in number and distribution of elements, but containing 2 x 2 mm square elements with an 
inter-electrode distance of 4 mm. Thereby, hypothetically virtual electrodes can be 
electronically shifted (see chapter 6) in steps close to 6 mm when using these arrays.
a) b)
Array 1
Electrodes dimensions = 3 mm x 3mm x 35pm 
Interelectrode spacing = 3 mm
75 mm
64 mm
Array 2
Electrode dimensions = 2 mm x 2mm x 35 pm 
Interelectrode spacing = 4 mm
For both arrays
Tracks width = 300 pm
Overall size = 75 mm x 80 mm
Effective area (green square) = 75 mm x 64 mm
Figure 5.2. Scaled drawings of the electrode arrays PCBs. a) First layout (array 1). b) Second layout (array 
2). The real scale layouts are contained in appendix B
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The overall size of both arrays was chosen to be 75 x 80 mm, leaving 8 mm of space at 
both sides for wiring and fixation to two external PCB connectors. The rationale for the 
inclusion of two connecting ends at both sides of the array is twofold: a) they provide the 
array with a symmetric structure which allows the creation of thicker and more interspaced 
tracks, b) They facilitate the incorporation of a mechanism for relieving the strains between 
the wires and the array.
The effective area of the arrays (i.e. region on which the self adhesive gel is placed, 
denoted by green rectangles in figure 5.2) has a dimension of 75 x 64 mm, larger than the 
region of the skin where the conventional active electrode (either rounded of 38 mm 
diameter, or square of 50 x 50 mm) is usually positioned. This size provides the array with 
some room for errors resulting from repeated placement.
Another important factor regarding the design of the arrays using PCB techniques was to 
determine the maximum value of current that can flow through the electrodes without 
causing any damage to the PCB tracks, and hence, to the user. According to the British 
Standard for Printed Wiring Boards (BS 6221-3: 1991), a continuous current of 
approximately 900 mA is necessary for a maximum temperature rise of 10°C in copper 
PCB tracks of 35 microns thick and 300 microns width. Since the maximum current per 
track used in this project was pulsed and much smaller than 900 mA, tracks of such 
thickness and height were found to be appropriate for these electrode arrays.
5.2.2. Array-skin interfaces
In order to interface the effective area of the arrays with the skin, a suitable conductive 
medium was required. Whitlock [1995] first proposed the use of self-adhesive gel layers to 
facilitate fixation of the array to the skin. In this work, two different types of self-adhesive 
conductive gel layers (AG702 -  AG803, Amgel Technologies Inc, Fallbrook, USA) were 
selected for evaluation as possible array-skin interfaces. Table 5.1 lists the properties of 
both gels. An important reason behind this choice is that the conductivities of these gels 
have been adopted in a similar study, since they are an acceptable representation of the 
cases of low and high conductive electrode-skin interfaces [Panescu et al., 1994].
Table 5.1. AG702 and AG803 gels properties as provided by Amgel Technologies Inc.
GEL THICKNESS
(mm)
CONDUCTIVITY
(S/m)
RESISTANCE 
TO DRY OUT
ADHESIVENESS
AG702 0.889 -0 .066 High High
AG803 0.889 -0.0033 High Moderate
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One characteristic of these gels is that they are fabricated with a dual layer/mesh-controlled 
technology, which prevents not only delamination of the gel from the substrate, but also 
poor adhesion of the array to the skin after repeated applications. During preliminary trials 
they demonstrated to stick firmly to the array substrate and skin, and can be easily replaced 
when necessary. These gels have been incorporated as part of conventional electrical 
stimulation electrodes (AG702) and iontophoresis electrodes (AG803) and are 
commercially available in rolls of 300 feet length. For this project, samples of these gels 
and all their specifications were generously provided by the Amgel Technologies Inc. It is 
important to point out that another adhesive gel manufacturer (First Water Ltd, Wiltshire, 
UK) was contacted, but unfortunately this company could not provide information and 
samples of its gels due to previous and confidential arrangements made with other 
customers.
5.2.3. Preliminary arrays specifications: discussion
Two different array geometries and two commercial gels were selected as potential parts of 
the final electrode array intended for this project. However, it was borne in mind that the 
future incorporation of some of these elements in the final prototype must ensure quality of 
stimulation in terms of efficiency of the induced muscular contractions, selectivity and 
comfort. Therefore, all these components underwent further investigation to determine 
which of them demonstrated to be suitable for the requirements specified in section 5 .1. 
Such investigation is the subject of the following stage.
5.3. Stage 2: Array Modeling
Knowledge of the current density distribution (CDD) throughout the stimulated tissue 
plays an important role in the assessment of the quality of the surface electrical stimulation 
in terms of effectiveness of muscle contraction and comfort. The evaluation of this 
parameter provides an indication of how motor and sensory nerve fibres are affected by the 
incidence of a given current flow. Several researchers have proposed the use of simulations 
to analyse the influence of different variables such as electrolyte properties and electrode 
geometries on the CDD in tissues under the effect of electrical stimulation. These 
approaches (described briefly below) have revealed the importance of mathematical 
modelling in the definition of preliminary values that can be implemented during the 
fabrication of physical electrodes.
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5.3.1. Literature Review: previous modelling work
In order to analyse the effects of different electrolytes on the CDD, Panescu et al. [1994] 
developed a two-dimensional Finite Element Model of the electrode-electrolyte-skin 
system. It consisted of two electrodes (i.e. one active placed on top of the electrolyte and 
one return situated at the bottom end of the body region), conductive gel, skin and the body. 
The electrodes were defined as equipotential sources of voltage and the electrolyte as a 
pure resistive material with constant conductivity. The normal to the current density vector 
at the external boundaries of the model was assumed equal to zero. The skin was modelled 
as a layer of material whose conductivity varied as a function of temperature. The body 
layer simulated the effects of the resistance related to the tissues underneath the skin, and it 
was assigned an averaged, constant, homogeneous and isotropic conductivity (cfbody = 0-7 
S/m). Since the problem was treated as an electrostatic one, the capacitive properties of the 
tissue were neglected. The model was used to assess the effect of two different gels (high- 
conductive a high_gei = 0.06 S/m and low-conductive a i ow _ gei = 0.003 S/m) on comfort during 
electrical stimulation.
Simulations were carried out at different values of voltage (ranging from 5 to 50V) and 
temperatures (34° and 40°). The ratio of the highest to lowest current density in the skin 
under the electrode was used together with current density vector plots to determine the 
uniformity of the CDD. Panescu and colleagues found that the simulation of a high- 
conductive electrolyte produced higher current density ratios and more pronounced 
patterns of non-uniform current density distributions at the electrode skin interface. 
According to the authors, the rationale for such non-uniformities was twofold: a) the use of 
a high-conductive gel allows more current to flow, and hence more heat is dissipated in the 
skin leading to electrical breakdown at some pores by reducing their resistance when 
sweating, b) A high conductive gel also permits lateral spread of the current facilitating 
high current densities to flow across sweaty pores, leading to stinging and painful 
sensations ([Webster, 1987] as referred to by [Panescu et al., 1994]). The results of this 
modelling approach demonstrated that the use of a low-conductive gel prevents the lateral 
spread of the current, forcing it to flow orthogonally from the electrodes to the skin. 
Panescu and associates concluded that the low-conductive electrolyte contributes to 
uniformity of the CDD at the electrode-skin interface which may result in reduction of 
intolerable sensation and pain.
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Sha et al. [2004] developed a tri-dimensional Finite Element Model to determine the CDD 
in tissues underneath two single electrodes. The model consisted of six components: two 
electrodes, a conductive gel layer, skin, fat and muscle (information about electrical 
properties and physical dimensions of each one of the layers of tissue was not given). The 
source of stimulating current was arbitrary set to 0.5 mA at the centre of the active 
electrode, whereas the voltage was set to 0 V at the centre of the return electrode. No 
current was allowed to flow outside the boundaries of the model. The conductive gel was 
modelled as a solid layer placed between the active electrode and the skin. The effect of 
different gel resistivities ranging from 20 to 1000 Om (equivalent to a conductivity range 
of 0.05 - 0.001 S/m) on the spatial selectivity of the CDD were evaluated for a gel layer of 
1 mm thick. Stimulus contour areas plotted at different gradients of current density showed 
that the higher the resistivity of the gel, the more localised the stimulation is. The authors 
concluded that resistivity values equal or larger than 500 Qm can be adopted for 
maintaining spatial selectivity. Later, Sha and colleagues [2005] extended their research by 
modelling the effects of both, electrode size (ranging from 15 to 260 mm) and gel 
properties (conductivities as described above), on spatial selectivity. The results of this 
investigation showed that the smaller the electrode, the smaller the area of the stimulation 
field. In addition, this area became even smaller with increase of gel resistivity. The 
authors concluded that both parameters can be adjusted to regulate the size of the 
stimulation pool. Although this model was used to optimise the design of an electrode 
array, it only simulated one active mini-electrode.
Researchers at the Swiss Federal Institute of Technology in Switzerland reported on the 
analysis of the influence of the inter-electrode separation on the nerve activation by 
combining a finite element model with an approximated nerve model that simulate nerve 
activation during electrical stimulation of the arm [Keller et al., 2006b]. The finite element 
model calculated the electric potential distribution in a multilayered 3D cylindrical model 
formed by skin, fat, muscle, bone and bone marrow [Kuhn and Keller, 2005]. The model 
accounts for resistive and capacitive effects, by setting conductivity and permittivity values 
at each layer (table 5.2). Finally, the outcomes of the finite element models were fed to the 
nerve model which calculated the activation of the nerve from the second derivative of the 
voltage potential distribution along its length.
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Table 5.2. Properties of the finite element model layers. [Kuhn and Keller, 2005]
LAYER CONDUCTIVITY
(S/m)
PERMITTIVITY THICKNESS 
(mm) j
Skin 0.00025 6000 1.5 !
Fat 0.03 25000 8.5
Muscle LOO 120000 27.5
Bone 0.02 3000 6.0
Bone Marrow 0.08 10000 6.5
An array of 2x2 rectangular electrodes (1 cm2 each) was placed over the skin and separated 
by 5 cm from the return electrode ( 5 x 5  cm). Four simulations were performed to evaluate 
inter-electrode distances of 0, 2, 4 and 6 mm between the elements of the array. The author 
concluded that a virtual electrode formed by four electrodes interspaced by distances 
shorter than 2 mm is comparable to a conventional electrode of equivalent size in terms of 
influence on the nerve activation. Unfortunately, more specific details about the methods 
and results involved in this investigation were not provided.
5.3.2. Discussion on previous modelling work
The review presented above described a number of models that have been developed to aid 
the design of either single electrodes or electrode arrays. These models have contributed to 
the determination of different parameters related to the quality of the electrical stimulation. 
However, since they have been developed to assist the design of particular electrodes for 
particular applications, they differ from each other in many aspects (e.g. dimensions, tissue 
layers, values of electrical properties, theoretical assumptions, and outcome measures), and 
therefore the specific results obtained from them can not be generalised. Nevertheless, 
some of the conclusions obtained from these models that can be considered for future 
directions in modelling work are listed below:
• The incorporation of low-conductive (or also called high-resistive) gels as 
electrode-skin interface allows a uniform distribution of the current flow across the 
tissue under stimulation, leading to a more comfortable stimulation.
• The size of the electrodes together with the conductive properties of the electrode- 
skin interface has an effect on the spatial selectivity of the stimulation.
• The inter-electrode distance may have an influence on the quality of the stimulation.
In this project, mathematical models were developed taking into consideration all the 
aforementioned aspects, providing a valuable tool for the design of a final electrode array 
that potentially meets the specifications outlined in section 5.1. It is important to emphasise
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that the models developed here differ from the ones reviewed above in their capability of 
simultaneously assessing the effects of the electrolyte properties, the array geometry (i.e. 
inter-electrode separation, conductive pads size) and the number of energised electrodes 
(i.e. virtual electrode size) on the CDD.
The theoretical background necessary for such modelling work is given in the following 
section.
5.3.3. Theoretical background
In order to aid comprehension, a brief introduction to the theoretical principles related to 
the modelling carried out in this work is given as follows:
The Quasi-static formulation
When electrical stimulation is applied using surface electrodes, the current flows across a 
multi-layered biological structure in its journey to the target nerve. Over a wide range of 
frequencies, such an aggregate of tissue introduces capacitive (i.e. permittivity) and 
resistive (i.e. resistivity, conductivity) effects which may have an influence on the applied 
electricity, and hence, on the quality of the stimulation.
Plonsey [1969] stated that at low frequencies the electric potential distribution in
conductive physiological structures, with lengths equal or smaller than one metre, often
changes slowly enough, so that the capacitive effects can be ignored. According to Roth 
[2000], this assumption is valid for stimulation frequencies below 10 kHz. When adopting 
this approach, the modelled tissues are considered homogeneous (preserving the same 
electrical properties at any point), isotropic (i.e. having the same electrical properties in 
different directions) and purely conductive. Thus, the values for electrical quantities (i.e. 
electric potentials, current densities and electric fields) generated by any electrode located 
over the multi-layered conductive region can be calculated using a simplified set of 
formulas derived from classic electromagnetic theory. This group of equations is known as 
the quasi-static formulation [Plonsey, 1969]:
V •  /  =  —S  Equation 5-1
and,
J= (7  E  Equation 5-2
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E  — —V (/) Equation 5-3
Equation 5-1 shows that the divergence of the current density J  (i.e. a measure of how 
much the current density vector spreads out from a particular charge) is equal to the 
negative rate of flow of the applied electric charge (i.e. current source (S)). In regions 
where no ectopic current sources are present the value of S  is equal to zero:
V • /  = 0 Equation 5-4
Substituting equation 5-2 into equation 5-4, the following expression is obtained:
V*C7 E —0 Equation 5-5
where o ' represents the complex conductivity of the regions involved and E  the electric 
field (expressed in equation 5-3 as the gradient of the electric potential ( (f))) generated 
across all the regions under the effect of the applied current. This parameter can be 
expressed as a complex number where the real part accounts for the motion of charges that 
are in phase with the electric fields, whereas the imaginary part corresponds to out of phase 
movement of charges [Roth, 2000]:
a  = <T+ jCO E  Equation 5-6
where a  is the real conductivity, co the angular frequency (2nf) and s the permittivity (i.e. 
measure of the ability of materials to transmit or permit an electric field). Since the real 
part of equation 5-6 is often assumed much larger than the imaginary part for different 
bioelectrical phenomena (such as the application of electrical stimulation to the tissue), 
equation 5-5 can be rewritten as follows:
V •  ( £ = 0  Equation 5-7
By substituting equation 5-3 into equation 5-7, multiplying both sides of the expression by
- 1, and considering the fact that the conductive medium is homogeneous, we get:
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V » (d R 0 )=  0  
d V V = 0
V 2$> =  0  Equation 5-8
Equation 5-8 corresponds to the Laplace’s equation which permits the calculation of the 
electric potential ((/)) at regions where sources of current are absent. This equation is 
usually solved by commercial software packages intended for modelling of bioelectrical 
field problems. For a two-dimensional case, this equation can be expressed as follows:
dx2 dy2 ~  Equation 5-9
Once values of (j) are obtained for the whole space of interest, the values of current 
densities at different points of a given area can be determined by computing (using finite 
element techniques) the following equation:
J  ~  y )  Equation 5-10
Boundary conditions
In finite element simulations involving the application of electrical stimulation over a 
conductive multi-layered tissue using surface electrodes, a number of boundary conditions 
must be specified at different parts of the model to force the current to flow properly across 
it. Typically, mixed conditions are applied as follows [Johnson, 2000]:
•  The electrodes are defined as equipotential sources of voltage. This can be regarded 
as the Dirichlet condition which specifies the values a solution is to take on certain 
boundaries of the domain. In this case, such boundaries are associated to the 
stimulation and return electrodes.
• The normal of the current density vector J  at the external boundaries of the model 
(i.e. surface interfacing with air) is considered equal to zero. This can be regarded 
as the Neumann boundary condition.
5.3.4. 2D finite element array models
This section presents the development of 2D Finite Element Models used to evaluate the 
array geometries and electrode-skin interfaces proposed above as potential parts of the
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final prototype of electrode array. The models were used to estimate the CDD beneath the 
tissue being stimulated by the energised pads of two different electrode arrays. Such 
models differ from those described in section 5.3.1 in their capabilities to simultaneously 
assess the influence of parameters such as electrode size, inter-electrode spacing and the 
conductive properties of the electrolyte on the CDD and its effect on the stimulation 
selectivity. In addition, these models include all the pads of the array per cross section, 
allowing the evaluation of different virtual electrode sizes.
Materials and methods
Software
Two Finite Element Models were created using Maxwell 2D Student Version (Ansoft, 
Pittsburgh, USA). This interactive software uses generalized Finite Element based solvers 
to calculate problems related to electric field and current density distributions (CDD) in 
structures with uniform cross sections. Thus, the AC conduction field simulator 
automatically solves for the electric potential 0(x, y ) using the following equation:
Equation 5-11
Once a model has been designed using the integrated development environment, the 
electrical properties of its different parts and boundary conditions are assigned by the user. 
The software then automatically meshes the model by means of an adaptive algorithm 
which iterates until a preset threshold of error is reached.
Models
As shown in figure 5.3a, both models replicate a cross sectional area of the tissue 
underneath each electrode array. They only differ from each other in array geometries. The 
array contained in the first model (array 1) was formed by twelve 3 mm wide elements of 
35 micron height, equally interspaced by 3 mm. For the second model, the array was 
formed by 2mm wide electrodes (same height) separated from each other by an inter­
electrode distance (IED) of 4 mm (figure 5.3b). The array parameters were chosen to 
correspond with cross sectional areas of the physical versions outlined in section 5.2.1.
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Electrode array Skin Fa t Muscle Return electrode
Fat Layer
Figure 5.3. a) General sketch adopted for both models, b) Magnified view of the array simulated in model 2. 
Skin, fat and muscle were defined as different layers of purely resistive materials with 
isotropic, homogeneous and time-invariant properties. Moreover, both skin and fat were 
further divided into sub-layers with different electric and metric properties.
The conductivity values chosen for the stratum comeum, fat and muscle were taken from 
published studies [Gabriel et al., 1996; Foster, 2000]. For the remaining sub-layers, the 
conductivities were estimated bearing in mind the presence of different types of cells, 
connective tissue, blood vessels, interstitial fluid and other substances which allows more 
current to flow into deeper layers.
Thickness values for all the layers of the model were also taken into account. Although the 
thicknesses of the whole skin and its layers are variable due to a myriad of factors (age, sex, 
body mass index, ethnic, different parts of the body), the values selected for this work ( 1.55 
mm) fall within the ranges reported in anatomy bibliography [Wood and Bladon, 1985; 
Tortora and Grabowski, 20031. Similarly, fat and muscle thicknesses depend on inter­
subject variability. With respect to the former a value of 6 mm was chosen in accordance to 
studies where thickness of the fat tissue at the leg and other parts of the body was measured 
[Lee and Lasker, 1958; Cameron-Chumlea and Roche, 1986]. The muscle was defined as 
the thickest of the layers in the model with a value of 75 mm, minimum acceptable to 
display properly the current density spread. The properties of all the layers and sub-layers 
forming part of the simulated tissues are listed in table 5.3.
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Table 5.3. Properties of the layers of tissues contained in both 2D models.
LA Y ER CO ND UCTIV ITY
(S/m)
TH ICK N ESS
(mm)
Skin (stratum corneum) 0.0003 0.05
Skin (rest of the epidermis) 0.01 0.5
Skin (dermis) 0.02 0.5
Skin (connective tissue) 0.03 0.5
Fat (sub-layer 1) 0.04 2
Fat (sub-layer 2) 0.05 2
Fat (connective tissue) 0.3 2
Muscle 0.5 75
The two different commercially available adhesive conductive gels (AG702 and AG803) 
were combined with the models as electrode-skin interface options for both arrays, whilst 
the conductivity of the self-adhesive gel in the return electrode was always set to that of a 
conventional stimulation electrode (0.066 S/m). The characteristics (i.e. thickness and 
conductivity) adopted for these gels corresponded to those previously listed in table 5 .1. 
Since the frequency of the train of pulses generated by most of the stimulation systems 
ranges from 20 to 50 Hz, the CDD in the tissue was computed according to the theoretical 
approach described in 5.3.3. Hence, by assuming the permittivity to be zero, the complex 
part of the conductivity was neglected, and thus, the software solver (equation 5-11) 
becomes equation 5-4. The current density values at every point of the cross-sectional area 
of tissue were calculated using equation 5-10.
Mixed boundary conditions were defined as follows: a) each simulation was carried out at 
various values of voltage (ranging from 40 to 120V) applied to clusters of electrodes 
(details are given in the following sub-section), wherein each electrode was considered as 
an equipotential source of voltage (Dirichlet boundary condition). The indifferent electrode 
(7.5 cm long) was always set to 0V. b) The normal of the current density vector at the 
external boundaries of the model was set to zero in all the simulations (Neumann boundary 
condition).
When running each simulation the software automatically produces the mesh for the model 
under examination and calculates an approximated solution for the problem by means of an 
adaptive algorithm which iterates until it reaches a target error set by the user. In all the 
cases, the resulting number of elements for each simulation was enough to minimise the 
error to less than 0 .1%.
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Results
A number of simulations at different voltages were performed to study the CDD on the 
tissue stimulated by four different array-gel combinations (table 5.4). In terms of reducing 
discomfort during the application of the electrical stimuli, the ideal electrode array would 
therefore be the one whose energised elements in conjunction with the electrolyte allow 
more current to flow centrally across the electrode-skin interface [Reddy and Webster, 
1984; Webster, 1987], reducing its lateral spread. In addition, spatial selectivity of 
stimulation also depends on this ‘focality’; thus, the more focused the current flow across 
the skin, the more selective the stimulation is [Sha et al., 2004]. In this work, focality was 
then determined by the lateral spread of the current density threshold (CDT) through the gel 
towards both sides of the energised electrodes. The estimation of this threshold was based 
on various intensity values (ranging from 1 to 2 mA) reported in a series of studies as 
capable to elicit a maximal muscular contraction with implantable cuff electrodes 
encircling the nerve [McNeal and Bowman, 1985; Veraart et al., 1993; Riso et al., 2000; 
Schuettler and Stieglitz, 2000; Micera et al., 2002; Popovic, 2004]. Thereby, these values 
of currents together with different values of cuff diameters permitted the estimation of a 
reasonable range within which the current density values for maximal contractions may fall 
(2 - 10 mA/cm2 (or 20 to 100 A/m2)). Then, considering that during electrical stimulation 
the muscle output can be adjusted from its near maximal to its minimum acceptable value 
by decreasing the current approximately half of the intensity (e.g. see strength-duration 
curves in [Reilly, 1998; Baker et al., 2000]), the CDT was therefore assumed to be 
1 mA/cm2 (or 10 A/m2) (for a cuff electrode of 8 mm diameter and 1 mA of current for 
maximal contraction).
Table 5.4. Simulations performed using Maxwell 2D
SIMULATION GEL ARRAY VOLTAGE
(V)
No.
ELEMENTS
ERROR
(% )
1 AG702 2 40,80,120 12755 0.0059
2 AG702 1 40,80,120 12480 0.0105
3 AG803 2 40,50,60,70
80,120
12755 0.0999
4 AG803 1 40,50,60,70
80,120
12480 0.0622
The results obtained from all the simulations were represented as described below:
• Colour maps whose colour scale was constrained to the CDT were used to display 
the effects of the CDD throughout all the layers of the models. These maps
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permitted assessment of the focality and spatial selectivity when testing two 
different array geometries combined with two distinct electrolytes. The best pattern 
of focality that can be observed in these maps will be the one in which current 
densities equal or larger than this threshold neither laterally extends far apart from 
the energised group of electrodes (initially e6 and e7), nor reaching any of the 
neighbouring electrodes. Similarly, the best pattern of spatial selectivity will be the 
one in which such current densities act locally underneath the stimulating electrodes.
• Since nerve activation is of paramount importance in the determination of the 
quality of the stimulation, the current densities approaching the peroneal nerve (or 
part of it) at different depths were also determined. After an extensive literature 
search, no anatomy studies reporting on the profoundity of the deep peroneal nerve 
were found. However, Sha and colleagues [2004] assumed a depth of 10 mm when 
modelling an electrode array-gel combination intended for peroneal nerve 
stimulation. Therefore, in this project two possible depths were assumed and 
represented by straight lines situated at 10 and 20 mm under the deepest of the fat 
layers (figure 5.4). The second value of depth was chosen as the double proposed by 
Sha and associates [2004], in order to account for inter-subject variability. In 
contrast, based on a cadaveric study [Barret et al., 2006], the profundity of the 
superficial branch was modelled as a straight line located immediately beneath (1 
mm) the boundary between the fatty tissue and the muscle. It is important to 
emphasise that these lines represent either different points across which a branch of 
the nerve may traverse the muscular cross section, or a nerve (or part of it) that is 
aligned in parallel to the muscle layer. Therefore, care must be taken when 
interpreting the results, as in the real volume of the lower leg, both branches tend to 
sprout out in different directions as they split at the neck of the fibula, and hence, 
these lines do not intend to reflect spatial position of one branch of the nerve with 
respect to the other. Instead, they only represent depths. Bearing this factor in mind, 
arrow plots were used in this work to illustrate the current density vector flow all 
over the modelled tissue. These plots were used only in those cases where further 
comparisons in terms of selectivity and focality were necessary.
• Since the colour scale was constrained to threshold (i.e. impeding the presentation 
of current density magnitudes greater than 10 A/m2), neither the colour maps nor 
the arrow plots were suitable to establish comparisons between simulations in terms
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of the strength of the current density. For this purpose, Cartesian plots displaying 
the magnitudes of this parameter at different nerve depths under the arrays were 
used instead. Thereby, these plots allowed determination of the maximum values of 
current densities having an influence over possible locations of the nerve.
All the graphs described above were produced using the Maxwell’s post-processing tool.
0 110 220 mm
1 
10
20 
mm
Figure 5.4. Possible depths of the nerves incorporated inside the muscle tissue in the models. Note that these 
are represented by straight lines of different colours crossing the model from side to side.
Stimulations with the high conductive gel (AG702)
The first two simulations were intended for the analysis of the CDD patterns during the 
application of the high conductive gel (AG702) combined with each one of the arrays. Both 
simulations were initially performed at 40 V. Simulation 1 was carried out to evaluate the 
array formed by the smaller electrodes and larger interspacing distance (array 2). Figure 
5.5a shows a lateral spread of current densities equal or greater than the CDT at the fat and 
skin close to electrodes e4 and e9. These current densities were also observed at the top of 
the muscle layer, but further extended to the sides due to its higher conductivity. Note that a 
major portion of the muscle was also influenced by these quantities from top to bottom, 
being more extended to the sides at the upper part, and narrowing (i.e. forming a funnel­
like shape) as the current travelled deeper into the muscle. Finally, the zoomed view at the 
energised electrodes and their surroundings (figure 5.5b) displays how quantities equal or 
larger than the 1 mA/cm2 threshold spread out laterally along the gel, reaching almost all of 
the remaining electrodes forming part of the second array (up to e2 and e l l ) .
Simulation 2 enabled further evaluation of the high conductive gel, but this time replacing 
the second array by the first (i.e. formed by larger electrodes and shorter interspacing). The 
pattern of CDD observed in this simulation was broader than that described in the previous
Superficial nerve 
Deep nerve (10 mm) 
Deep nerve (20 mm)
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case, with concentrations of currents equal to or greater than the CDT spreading along the 
skin and fat situated underneath electrodes e3 and elO (figure 5.6a). Likewise, these current 
densities broaden even more to the sides at their encounter with the muscle, showing a 
wider expansion at the bottom of the muscle layer in comparison to the previous case. 
Furthermore, the zoomed view at the energised electrodes and their surroundings (figure 
5.6b) also showed a somewhat increase of the lateral spread of CDT reaching the electrodes 
situated at both ends (i.e. e l and e l 2) of the array, 
a)
b)
Figure 5.5. Colour maps for simulation 1 (array= 2 mm x 35 pm, IED = 4 mm, ogei= 0.066 S/m) with sources 
e6 and e7 energised with 40V. a) Normal view of the model, b) Close-up view of the array and surrounding 
structures.
a)
b)
Figure 5.6. Colour maps for simulation 2 (array = 3 mm x 35 pm, IED = 3 mm, a gei= 0.066 S/m) with 
sources e6 and e7 energised with 40V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
With respect to the magnitude of the current densities, the Cartesian plots (figures 5.7a and 
5.7b) indicated that values above CDT reached all the nerve lines (shaded regions in the 
plots) in simulations 1 and 2 at 40V. At the superficial nerve depth, the current density 
reached about three times the CDT in both cases. For the rest of the lines, the portions 
under the influence of excitatory currents shortened with depth, as the current intensity 
decreased in its journey to the bottom of the muscle.
■ i
J[A /«i*2]
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Figure 5.7. Plots of current density versus length for different depths of the peroneal nerve at 40V during 
simulations 1 (array= 2 mm x 35 pm, IED = 4 mm, agei= 0.066 S/m) (a) and 2 (array = 3 mm x 35 pm, IED 
= 3 mm, ogei= 0.066 S/m) (b). The shaded regions show the parts of the lines at which the current density is 
equal or greater than CDT (10 A/m2 or 1 mA/cm2).
When the voltage at the source electrodes was increased to 80 and 120 V in both 
simulations, the diffusion of current densities equal or greater than the CDT was 
exacerbated; not only covering most of the muscular layer, but also showing the largest 
lateral spread reaching the electrodes situated at both extremes of the arrays (el and e l l ) .  
In addition, the magnitude of these current densities at the superficial nerve were 
approximately from three to six times higher than that necessary for eliciting maximal 
contractions ( >  20 A/m ). This issue should be considered when designing surface 
electrode arrays, since high currents flowing through the skin cause more heat dissipation 
leading to the onset of pain. The resultant plots for these cases are shown in appendix C.
Simulations with the low conductive gel (AG803)
For simulations 3 and 4, the high conductive gel (AG702) was replaced by its low 
conductive counterpart (AG803). In simulation 3 at 40 V, current densities equal to or 
greater than the CDT were uniformly distributed underneath the stimulating electrodes at 
the subsequent layers of skin and fat (figure 5.8a). At these layers the spread towards the 
sides was significantly reduced in comparison to the cases involving the high conductive 
gel (i.e. did not expand beyond electrodes e5 and e8). Likewise, as these current densities 
penetrated into the muscle they extended slightly to the sides, without approaching the 
upper middle part of the muscular mass (the maximum values reached at this portion did 
not exceed 5.45 A/m ). In addition, the current density magnitude diminished as it flowed 
into deeper muscle, being approximately 3.79 A/m2 the maximum value seen at the bottom 
of this layer. Finally, the close-up view (figure 5.8b) showed that at the array gel interface,
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current densities equal to or larger than the CDT travelled only about three quarters of the 
distance separating both energised electrodes from their immediate neighbours (the larger 
value reaching e5 and e8 was about 5.45 A/m2).
In simulation 4 (figure 5.9a), the values of the current densities distributed throughout the 
model were slightly higher than that obtained for simulation 3, showing a somewhat 
broader expansion towards both sides of the underlying tissues. A similar, but wider spread 
of the maximum threshold to the sides was also observed at the array-gel interface (figure 
5.9b). Electrodes e5 and e8 were approached by almost the double of the current density 
(9.09 A/m ) reported for simulation 3. Furthermore, a more perceptible lateral flow was 
observed beyond these electrodes, reaching maximum values around 4.13 A/m2. In addition, 
a CDD pattern higher in magnitude than that obtained from simulation 3 was observed at 
the middle portion of the muscle.
Regarding the magnitude of the CDD, the Cartesian plots (figure 5.10) revealed that 
although the highest current densities reaching the superficial nerve in these simulations 
were much lower than the obtained from simulations 1 and 2, they were around the 
necessary values for eliciting maximal muscular contractions.
£®*2 3
0000®+001 8587 «+000 
8476®+000 
9519®+000 
158 5e+000 
4356®+000 
8329®+000 
2813®+000 
7927®+000 
3598*+000 
9764®+000 
63 67«+000 
3357®+000 
0691c+000 
8330*+000 
6238*+000 
4384*+000 
2743«+OQO 
1288c+000 0000*+000
Figure 5.8. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, c gei= 0.0033 S/m) with 
sources e6 and e7 energised with 40V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure 5.9. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, a gd= 0.0033 S/m) with 
sources e6 and e7 energised with 40V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
Figure 5.10. Plots of current density versus nerve length for different depths of the peroneal nerve at 40V 
during simulations 3 (array= 2 mm x 35 pm, IED = 4 mm, a gei= 0.0033 S/m) (a) and 4 (array= 3 mm x 35 pm, 
IED = 3 mm, agei= 0.0033 S/m) (b).The shaded regions show the parts of the lines at which the current 
density is equal or greater than CDT (10 A/m2 or 1 mA/cm2).
In order to further analyse the effects of both arrays when combined with the low 
conductive gel on the selectivity and strength of the current density, it was decided to run 
additional simulations with voltage increments from 50 to 80V in steps of 10V.
When stimulating at 50 V, the overall trends of CDD in both simulations were similar to 
the previous case, yet slightly more expanded. In addition, the overall pattern of CDD 
throughout the tissue layers and gel was again somewhat higher and broader for simulation 
4 (refer to appendix C for resultant plots).
At 60V the differences in the CDD between both simulations were more distinguishable. 
The overall pattern of CDD in simulation 3 remained similar to the previous case (figure 
5.1 la) -  i.e. values equal to or greater than the CDT slightly broadened to the sides of the 
upper part of the middle muscle, but not beyond the length of the array. Moreover, the 
zoomed view (5.1 lb) showed that the focality of the stimulation was maintained between
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electrodes e5 and e8 at the underlying skin and fat layers. It also reflected that the lateral 
spread of values equal or greater than CDT at the array-gel interface hardly reached the 
electrodes. In addition, the arrow plot for this simulation showed that stimulating current 
densities crossed the first two nerve lines in regions at the vicinity of the energised 
electrodes (figure 5.13a). The latter can be confirmed by looking at the Cartesian plot 
corresponding to this simulation at 60V (figure 5.14a); which also indicates that the 
stimulation current densities flowing across the nerve branches located superficially and 10 
mm depth from the adipose tissue are well above the threshold necessary for elicitation of 
muscular contractions.
In simulation 4, however, it was observed that the spread of values equal to or greater than 
the CDT was much wider at the top of the middle portion of the muscle, forming a curved 
patch between the array and return electrode regions that compromised the spatial 
selectivity (figure 5.12a). The incidence of these current densities over the nerves can also 
be viewed in detail in the arrow plot of figure 5.13b, wherein the sprout of current densities 
above CDT arrows towards the sides and bottom of the muscle were greater; having an 
stimulating effect upon larger portions of the lines at all depths. Nevertheless, the CDT did 
not spread beyond electrodes e5 and e8 at the array-gel interface, although the focality of 
the stimulation at the layers of skin and fat was slightly broader than in simulation 3 (figure 
5.12b). The Cartesian plot for simulation 4 (5.14b) showed that a maximum current density 
of about three times the CDT approached the the superficial nerve line, whereas values of 
magnitude close to threshold were observed at both possible depths of the deep nerve.
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Figure 5.11. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, ogei= 0.0033 S/m) with
sources e6 and e l energised with 60V. a) Normal view of the model, b) Close-up view of the array and
surrounding structures.
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Figure 5.12. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, a gei= 0.0033 S/m) with 
sources e6 and e7 energised with 60V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure 5.13. Arrow plots of current densities flowing across the target lines representing the possible depths 
of the superficial and deep peroneal nerve, corresponding to simulations simulations 3 (a) and 4 (b) at 60V.
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Figure 5.14. Plots of current density versus nerve length for different depths of the peroneal nerve at 60V 
during simulations 3 (array= 2 mm x 35 pm, IED = 4 mm, a gd= 0.0033 S/m) (a) and 4 (array= 3 mm x 35 pm, 
IED = 3 mm, ogei= 0.0033 S/m) (b).The shaded regions show the parts of the lines at which the current 
density is equal or greater than CDT (10 A/m2 or 1 mA/cm2).
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Subsequently, the voltage was increased to 70V in both simulations. Although the spatial 
selectivity started to blur at this point for simulation 3 (figure 5.15a), it was still better than 
the observed in simulation 4 at 60V. On the contrary, this parameter worsened ever more 
for the latter simulation at 70V (figure 5.16a); forming a semi-ellipsoidal shape which 
covered approximately the upper half of the muscle layer between the array and the return 
electrode. Both, the arrow and Cartesian plots (5.17 and 5.18) indicate that the nerves at all 
depths were stimulated in a more selective manner in simulation 3. Nevertheless, the CDD 
at the array-gel interface, underlying skin and fat were similar in both cases (figures 5.15b 
and 5.16b).
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Figure 5.15. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, c gei= 0.0033 S/m) with 
sources e6 and e7 energised with 70V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
Figure 5.16. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, ogel= 0.0033 S/m)with
sources e6 and e7 energised with 70V. a) Normal view of the model, b) Close-up view of the array and
surrounding structures.
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Figure 5.17. Arrow plots of current densities flowing across the target lines representing the possible depths 
of the superficial and deep peroneal nerve, corresponding to simulations 3 (array= 2 mm x 35 pm, IED = 4 
mm, ogei= 0.0033 S/m) (a) and 4 (array= 3 mm x 35 pm, IED = 3 mm, ogei= 0.0033 S/m) (b) at 70V.
Figure 5.18. Plots of current density versus nerve length for different depths of the peroneal nerve at 70V 
during simulations 3 (array= 2 mm x 35 pm, IED = 4 mm, a ge]= 0.0033 S/m) (a) and 4 (array= 3 mm x 35 pm, 
IED = 3 mm, a gei= 0.0033 S/m) (b). The shaded regions show the parts of the lines at which the current 
density is equal or greater than CDT (10 A/m2 or 1 mA/cm2).
The voltage was further incremented to 80V in both simulations. Values equal to or greater 
than the CDT were mainly distributed at the upper middle portion of the muscle in 
simulation 3 (figure 5.19), whereas these current densities were further expanded to the 
bottom of this layer during simulation 4 (figure 5.20). However, the focality of the 
stimulation at the array-gel interface was still maintained between electrodes e5 and e8. In 
addition, the CDT spreads to the sides at the subsequent layers of skin and fat, but not far 
apart from these electrodes. Figure 5.21 portrays the current density curves for simulations
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3 and 4 at 80V. Note that in both cases the portions of the lines under the influence of 
stimulating currents (>10 A/m ) were still shorter than those obtained from simulations 1 
and 2 at half of the voltage. Another important finding was that current densities at the 
superficial nerve were about one half lower than those reported for simulations 1 and 2 at 
80V.
Finally, the patterns of CDD observed in simulations 3 and 4 at 120V reflected a 
considerable reduction in spatial selectivity as seen in stimulations 1 and 2, yet the flow of 
the stimulus towards the excitable tissue remained focalised at the array-gel interface, and 
at the subsequent layers of skin and fat. Moreover, the highest values of current densities 
reaching the nerve lines were still about half of that obtained at the same voltage for the 
first two simulations (refer to appendix C for plots).
a)
b)
J [ A / » ‘ 2]
1.0000a+001 
8 .8 5 8 7 «+ 0 0 0  
7 .8 4 7 6 «+ 0 0 0  
6 .9 5 1 9 * + 0 0 0  
S .1 5 8 5 * + 0 0 0  
5 .4 5 5 6 «+ 0 0 0  
4 .8 3 2 9 «+ 0 0 0  
4 .2 8 1 3 «+ 0 0 0  
3 . 7 9 27*+000 
3 .3 S 9 8 C + 0 0 0  
2 .9 7 6 4 .+ 0 0 0  
2 .6 3 6 7 «+ 0 0 0  
2 .3 3 5 7 .+ 0 0 0  
2 .0 6 9 1 «+ 0 0 0  
1 . 8330e+ 000 
1 .6 2 3 8 «+ 0 0 0  
1 .4 3 8 4 «+ 0 0 0  
1 .2 7 4 3 «+ 0 0 0  
1 . 1288e+000 
1 . 0000e+ 000
b)
Figure 5.20. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, ogei= 0.0033 S/m) with
sources e6 and e7 energised with 80V. a) Normal view of the model, b) Close-up view of the array and
surrounding structures.
Figure 5.19. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, ogei= 0.0033 S/m) with 
sources e6 and e7 energised with 80V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure 5.21. Plots of current density versus nerve length for different depths of the peroneal nerve at 80V 
during simulations 3 (array= 2 mm x 35 pm, IED = 4 mm, ogel= 0.0033 S/m) (a) and 4 (array= 3 mm x 35 pm, 
IED = 3 mm, a gei= 0.0033 S/m) (b). The shaded regions show the parts of the lines at which the current 
density is greater than 10 A/m2 (or 1 mA/cm2).
Simulations with different sizes o f VEs
As mentioned in chapter 3, the size of the stimulating electrode is related to the 
effectiveness and comfort of the stimulation. The magnitude and pattern of the CDD all 
over the tissue can be adjusted by varying the number of energised electrodes in the array 
(i.e. by changing the size of the virtual electrode (VE)). In order to confirm the latter, 
simulation 3 was repeated for different number of energised electrodes at 25 V. Figure 5.22 
shows how the spread of the CDD patterns increases as the number of energised electrodes 
is increased. This is in agreement with some experimental investigations which reported 
that less voltage is required for stimulation when using larger electrodes [Kantor et al., 
1992; Alon et al., 1994]. Nevertheless, the increase in electrode size reduces the spatial 
selectivity of the stimulation as well [Bajd, 20061. Finally, note that the lateral spread of 
current densities equal to or greater than the CDT through the gel towards the floating 
electrodes was almost identical for all VE sizes, suggesting that the focality of the 
stimulation is not affected by the increasing number of active pads in the array.
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Figure 5.22. Effects of virtual electrodes of different sizes in the CDD for simulation 3 (array= 2 mm x 35 
pm, IED = 4 mm, a gei= 0.0033 S/m) at 25V. a) VE size = 2, b) VE size = 4, c) VE size = 6, d) VE size = 8.
Discussion
2D finite element models were developed to aid the selection of a geometry and electrolyte 
suitable for the final version of the array proposed in this work. Thereby, two different 
electrode arrays in conjunction with two different electrolytes were simulated to determine 
which of the possible combinations proposed in section 5.2 was likely to provide the most 
focalised and selective pattern of CDD during the application of surface electrical 
stimulation.
Effects o f array geometry and gel conductivity on the CDD
Comparing different electrolytes, it was observed that both of the arrays allowed more 
current to pass into the tissue when they were used in combination with the high conductive 
gel (simulations 1 and 2). These configurations showed lack of focality not only at the 
array-gel interface, but also at the underlying skin and fat layers. At the muscle, a CDD
96
Chapter 5 Design and Development o f a Novel Electrode Array
with magnitudes above the threshold for functional muscle contractions covered most of 
this layer, reflecting a non-selective pattern of stimulation. In addition, the Cartesian plots 
demonstrated that the magnitude of these current densities were several times higher than 
this threshold at different nerve depths. The results obtained in these simulations are in 
agreement with [Panescu et al., 1994], who stated that the use of high conductive gels 
allowed lateral spread of current along the electrolyte and high current densities to diffuse 
throughout the tissue. This may lead to a non-uniform CDD at the electrode-skin interface 
when pores at the vicinity of the energised electrodes start to sweat as a result of heating 
produced by high current densities flowing through the skin [Webster, 1987]. As mentioned 
in section 5.3.1, the latter has been associated with painful and ineffective electrical 
stimulation. In addition, spread of current densities equal or above the CDT all over the 
muscle layer is prone to induce not only recruitment of most of the motor units associated 
with the targeted muscles, but also the excitation of other nerve fibres associated with 
unwanted muscles and pain receptors. This may further compromise the stimulation pattern 
leading to a faster onset of fatigue, undesirable muscular responses and increment of pain.
As can be viewed in the colour maps, the CDD patterns observed throughout the models in 
simulations 3 and 4 (both arrays used in combination with the low conductive gel) reflected 
an improvement in focality and selectivity of the stimulation -  i.e. the close up views of the 
arrays and their surroundings showed a minor spread of the current to the sides in 
comparison to those observed in simulations 1 and 2. Thus, these simulations confirmed 
that when using the low conductive gel the current is forced to flow perpendicularly from 
the electrodes across the skin, resulting in uniformity of the CDD at the electrode-skin 
interface, and therefore, in reduction of pain. The results also revealed that a more focalised 
and selective pattern of stimulation was observed in simulation 3 (pads = 2 mm x 35 \im, 
IED = 4 mm, a gei= 0.0033 S/m) at voltages ranging from 40 to 70 V; suggesting that these 
parameters can be improved when electrodes are smaller and further apart from each other. 
However, the Cartesian and arrow plots presented in this work indicated that between 40 
and 60V the current flowing through the skin reached all nerve depths only when using the 
first array (simulation 4). In addition, the smallest current density magnitudes observed at 
all the tissue layers during this modelling work corresponded to simulation 3. This leads to 
the conclusion that the current density is lower when using smaller electrodes separated by 
longer distances. Therefore, there exist a compromise between the selectivity and current 
density magnitude which is related to the array geometry.
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Although a considerable decrease of the selectivity in the CDD at the muscle layer was 
observed for simulations 3 and 4 at the highest voltages (80 and 120 V), the stimulating 
current densities were much lower than those present when stimulation was applied to the 
models using the high conductive gel. This confirms once again that the risk of painful and 
hazardous stimulation can be reduced when using a low conductive gel.
Effects o f VE size on the CDD
The results from simulation 3 using different VE sizes at a fixed voltage (25V) revealed 
changes in the spread of the CDD pattern all over the stimulated tissue. This suggests the 
existence of a trade-off between the diffusion of the stimulating currents and the spatial 
selectivity related to the size of the electrode (in this case, the size of the virtual electrode). 
Therefore, both the number of energised electrodes (size of the stimulating VE) and the 
voltage amplitude can be varied to regulate the specificity and effectiveness of the 
stimulating CDD. This encourages the development of high resolution electrode arrays 
suitable for the implementation of a wide range of emulated electrodes of different sizes.
Conclusions and future work
Parameters such as array pads size, inter-pad spacing, electrolyte conductivity and 
thickness, and number of energised electrodes (i.e. size of the virtual electrode) play an 
important role in the effectiveness of electrical stimulation using surface electrode arrays. 
Therefore, engineers must carefully select such parameters when designing surface 
electrode arrays, in order to find the best compromise between the magnitude of the current 
density distribution and selectivity. The modeling work developed here confirmed the 
values for these variables. After modeling all the combinations of conductive gels and 
arrays, the results favoured the use of the second electrode array with the low conductive 
gel AG803 (simulation No. 3). It is believed that when using this configuration, the best 
compromise between CDD and selectivity can be achieved. Thus, a more selective 
stimulation and finer gradation of the induced muscular response can be attained by 
adjusting the voltage range within a wider span provided by this array-gel combination; yet 
higher voltages would be required to achieve strong contractions, reducing to some extent 
the life of the stimulator’s batteries. Nevertheless, it was also demonstrated that another 
alternative for augmenting the magnitude of the CDD without increasing the output voltage 
was to increase the size of the virtual electrode (i.e. increasing the amount of energised
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electrodes). The latter is not only beneficial to reduce the power consumption, but also to 
diminish the electrical hazard associated with the use of high voltages [Bajd, 2006]. 
However, care must be taken when adjusting this parameter since it may also affect the 
spatial selectivity of the stimulation.
The results yielded in this investigation are consistent with those reported in other studies 
[Panescu et al., 1994; Sha et al., 2004], which demonstrated the use of low conductive 
electrolytes in order to minimize pain and maximise the effectiveness of electrical 
stimulation. Similarly, the results presented here agree with [Sha et al., 2005], who reported 
on the effects of the pad size in spatial selectivity. Moreover, with regard to the effects of 
the size of the virtual electrode on the CDD, the results obtained in this work are also in 
agreement with findings reported in some experimental investigations [Kantor et al., 1992; 
Alon et al., 1994]. Such consensus can be partly explained considering the similarities 
between this work and such studies (i.e. use of constant voltage sources, likeliness between 
the virtual electrodes formed by the array pads-gel and self-adhesive electrodes).
It should be borne in mind that models are just approximations to the real phenomena. 
Aspects such as time variant conductivities and non-uniform impedance of the skin were 
not considered during the simulations performed in this work; since it is very difficult to 
determine these parameters with accuracy owing to the existing variability between 
subjects and between experimental methods. Instead, fixed values of conductivities were 
assigned to the different layers of the model. These quantities were extracted from different 
studies published in the literature [Gabriel et al., 1996; Foster, 2000], and therefore their 
authenticity as part of the models is limited by the particular experimental conditions of 
each method and the frequency values at which each of these parameters were measured. 
Another limitation of this modelling work is that it does not account for factors such as the 
presence of oedema and quality of contact between the electrode and the skin. It would be 
desirable to address these aspects in future work, since they might have an important effect 
on the stimulation delivered at the electrode-skin interface.
The literature survey revealed that almost all the studies reviewed in this work neglected 
the capacitive effects (i.e. permittivity) of the involved tissues as regarded by [Plonsey, 
1969]. Only one modelling work [Kuhn and Keller, 2005] assigned values for this 
parameter during the calculation of the electric potentials and currents inside the conductive 
tissue. In order to investigate how this parameter could have affected the models developed 
in this work, additional simulations were performed including such permitivities and using
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a sinusoidal input of 1.67 kHz. The rationale for this value of frequency is that it produces a 
sine waveform with a semi-cycle duration of 300 psec (the same pulse width as the 
stimulator used later in this work). The results indicated that the trends of the CDD patterns 
remained similar to the ones presented above, but with a shift (increase) in the magnitude 
of the current density throughout the different layers of the models (refer to appendix D). In 
conclusion, the capacitive effect did not alter the general pattern of the CDD, and therefore, 
it can be neglected for frequencies close to or below 1.67 KHz. Although the latter could be 
a matter of debate, it is believed that the observed shift in the CDD can be eliminated by 
reducing the magnitude of the source voltage in the stimulator if necessary. In addition, the 
sinusoidal waveform does not constitute a precise representation of the output of the 
stimulator used during experimental trials (shown later in this chapter). Since the software 
used in this work was only capable of producing sinusoidal excitation, it was decided to 
develop the models under the quasi-stationary regime. Therefore, future investigations 
addressing the effects of the capacitive effects using appropriate stimulation waveforms 
would be worthwhile.
Another limitation of these models is that they might not be sufficiently accurate to 
represent the solution in cases where the electrodes are located at different planes. Three- 
dimensional models would provide a better representation of the CDD for these cases. 
However, the 2D models described in this chapter were considered to be a valuable tool for 
the simultaneous evaluation of the array geometries and conductive gel options presented in 
this work. In addition, the models also permitted the analysis of the effect of different 
electrode clusters on the CDD all over the tissue undergoing electrical stimulation. Thus, 
this low-cost and rapid modelling approach led to the selection of one of the array/gel 
combination as definite part of the physical electrode fabricated in this project. In summary, 
regardless of the limitations discussed in this section, the results obtained from this 
modelling work provided enough confidence to proceed with the fabrication of the Surrey 
Electrode Array and subsequent experimental work.
5.4. Stage 2 cont’d: Electrical characterisation of Surrey Arrays
Inappropriate stimulation may lead to inefficient stimulation, pain, skin irritation and 
electrode damage. Therefore, when using surface electrodes, it is important to ensure that 
the stimulation waveform is not severely affected by the impedance formed between the 
electrode and the skin. In order to ensure that the array-gel combinations investigated here
100
Chapter 5 Design and Development o f a Novel Electrode Array
do not considerably distort the stimulus, preliminary versions of electrode arrays built with 
non-flexible PCBs were compared against a commercial electrode (clinically approved) in 
terms of the stimulation waveform formed at the tissue in contact with them. A testing 
setup based on passive resistive-capacitive (RC) components was built to simulate the skin 
during electrical stimulation at different frequencies. Since the electrical behaviour of the 
electrodes is dependant on the stimulation waveform, intensity and frequency; two 
different experiments were carried out. The first of the experiments (experiment 1) was 
focused on the assessment of the frequency response to low-voltage sinusoidal excitation, 
whereas the second (experiment 2) enabled comparison of high-voltage stimulation 
waveforms by visual inspection.
5.4.1. Literature review: previous array characterisation work
When applying surface electrical stimulation, the skin and underlying tissues introduce 
additional sources of impedance that may alter the stimulation pulse in its travel towards 
the nerves. This may lead to ineffective muscular contractions and uncomfortable 
sensations [Popovic, 2004]. Therefore, it is of paramount importance to investigate the 
effects of the electrode-electrolyte interface on the tissue undergoing electrical stimulation.
Various investigators have characterised electrode arrays in terms of impedance, as it 
contributes not only to the determination of electrode-skin ohmic contact [Geddes, 1972], 
but also to evaluate other variables such as the integrity of the resulting stimulation patterns 
in terms of intensity and waveform distortion. Kirstein et al. [2003] compared a textile 
electrode array with conventional PALS. The electrodes were placed on a metal plate and 
then connected to a LCR meter to obtain the impedance at different frequencies ranging 
from 10 Hz to 50 kHz. It was observed that the impedance decreases with increasing values 
of frequencies as a result of a capacitive effect. The authors reported that magnitude and 
phase values of impedance were similar to those measured from conventional electrodes. In 
addition, the phase response remained constant for the textile electrodes (i.e. around 45 
degrees), suggesting that the stimulation waveform is not likely to be distorted within the 
range of frequencies under examination.
Likewise, Popovic-Bijelic et al. [2005] measured the impedance of an electrode array when 
placed over the skin and reported that there is an inverse relationship between the 
impedance and the number of active elements in the array, ranging from 750Q (when all 
the elements are active) to 1.9 k fl with a phase shift of approximately 25 degrees at 100 Hz.
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Since the reviewed paper did not provide details about the methods used for impedance 
measurements, further information was requested to the author who responded as follows: 
“We used a PC-based impedance meter which generates a sinusoidal waveform with low 
stimulation currents, in order to measure impedance within a wide range of frequencies 
varying from 1 Hz to 1 kHz. Experiments were first carried out with saline solution, and 
then placing the array in both normal and hemiplegic arms. Impedance was determined by 
measuring the voltage across the cathode and anode. Further experiments were performed 
using a current controlled monophasic rectangular pulse stimulator (pulse width 200 pS, 50 
Hz, current < 5 mA). The frequency response was assessed by measuring the output 
voltage and using a spectrum analyzer”.
Unfortunately, the methods described above are based on impedance measurements, which 
are in turn susceptible to several sources of errors inherent to the instrumentation (i.e. 
adequacy of the measurement technique and accessories used) and other environmental 
factors (i.e. temperature, humidity) [Amorese, 1997]. In addition, impedance readings are 
further affected by other sources of discrepancy which are normally present during in-vivo 
measurements (i.e. inter-subject variability, part of the body under test, fluctuations in 
blood flow, changes in skin temperature, sweating, inter-electrode distance and food intake 
[Cornish et al., 1998; Evans et al., 1998]).
Some researchers have proposed the use of RC networks for looking at the effects of output 
waveform parameters on the quality of the stimulation [Gracanin and Trnkoczy, 1975; van 
Boxtel, 1977; Reilly, 1998]. These circuits can emulate the skin behaviour without being 
affected by the sources of errors involved in measurements of human skin impedance. This 
work proposes a simple and inexpensive method for comparing the electrical behaviour of 
the preliminary array-gel combinations versus a conventional pre-gelled electrode using a 
RC skin model. The method enables the analysis of the low-voltage sinusoidal response of 
the electrode-skin system over a wide range of frequency, as well as the visual inspection 
of the stimulator voltage and current waveforms when using the array and conventional 
electrodes.
5.4.2. Theoretical background: the electrode-skin interface and RC skin model
Figure 5.23 depicts a typical arrangement of RC networks for the representation of the 
multilayered structure of the electrode-electrolyte-tissue.
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Figure 5.23. Electrode-electrolyte-skin interface. Adapted from [Neuman, 1998]. Ehe= electrode-electrolyte 
potential, Rd = electrode resistance, Cj=  electrode capacitance, Rs= gel (electrolyte) resistance, Ese= electric 
potential at the electrode-skin interface, /?t,=epidermis resistance, Ce= epidermis capacitance, Ep= electric 
potential at the electrode-skin in the presence of sweat, /?p=resistance of sweaty pores, Cp= capacitance of 
sweaty pores, /?„= resistance of dermis and underlying tissues.
The combination of an electrode and its respective electrolyte behaves as a capacitive 
element which permits the accumulation of ionic charges at their contact surfaces, forming 
a double layer of charge ([Helmholtz, 1879] as referred to by [Geddes, 1972]). As 
mentioned above, its electrical behaviour is dependant on current, frequency and waveform 
type. An electrode can be modeled by means of a parallel RC network, where the resistive 
component Rd governs at low frequencies, and the capacitive element Cd prevails at high 
frequencies. The values for Rd and Cd must be related to the electrode characteristics (i.e. 
material and area), whilst a resistor in series (Rs) is usually added to the circuit in order to 
represent the resistance of the electrolyte. Hence, at higher frequencies the resistance is 
only defined by Rs, whilst at lower frequencies an added resistance (Rd + Rs) is dominant 
[Neuman, 1998]. Finally, a potential difference Ehe is included as a result of the 
electrochemical reactions occurring at the electrode-electrolyte interface when the 
stimulation current flows across it.
Likewise, the behaviour of the skin can be modelled by a RC circuit. At high frequencies, 
the skin acts like a capacitor (Ce), which allows the passage of current to the underlying 
structures. Conversely, at low frequencies the stratum comeum (i.e. the outermost layer of 
the skin) provides a highly resistive barrier (Re), which opposes to the passage of current to 
the underlying tissue. This resistance can be reduced by preparing the skin at the site of 
stimulation. As mentioned above in this chapter, the current flowing across the skin
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penetrates throughout microscopic pores (i.e. sweat ducts represented by the dashed circuit 
with Rp and Cp in parallel) which are randomly distributed along the skin. Finally, the 
dermis and subcutaneous layer can be regarded as purely ohmic materials, and therefore, 
they are usually modelled by adding the resistor Ru in series to the skin impedance.
5.4.3. Surrey Arrays vs. conventional PALS electrode
Having explained the electrical behaviour of the electrode-electrolyte-skin interface using 
RC circuits, the following sub-section introduces the method proposed in this work for the 
characterisation and comparison of the different arrays versus the conventional electrode.
Material and methods
Electrodes
As mentioned above, two non-flexible electrode arrays were fabricated using printed 
circuit board techniques. The arrays were built in 0.8 mm thick glass-epoxy pre­
sensibilized single-sided PCBs (CIF, Bagneux Cedex, France) with a copper layer of 35 
pm thick. These preliminary arrays were also used to estimate the photo-exposure time 
necessary for an adequate fabrication of the final flexible PCB array version. Further 
information about the fabrication method is given in section 5 .6 .
In order to match a common rectangular area of 32.5 x 64 nun, each array was cut into two 
halves and the conventional PALS electrode was tailored, so that it matched the size of the 
half-arrays. Following, each half (arranged as a matrix of 12 x 5 electrodes) was coupled 
with one of the conductive gels as described in table 5.5.
Table 5.5. Specifications for the different electrodes tested.
^ _ __ Geometry Electrolyte
Array 1L 3mm x 3mm x 35p copper 
elements, inter-separated by a 3 
mm distance.
Low conductive Amgel803® 
hydrogel (thickness = 0.889 mm, 
a -  0.0033 S/m)
An*ay 1H High conductive Amgel702® 
hydrogel (thickness = 0.889 mm, 
a « 0.066 S/m)
Array 2L 2mm x 2mm x 35p copper 
elements, inter-separated by a 4 
mm distance.
Low conductive Amgel803® 
hydrogel (thickness = 0.889 mm, 
a * 0.0033 S/m)
Array 2H High conductive Amgel702® 
hydrogel (thickness = 0.889 mm, 
a « 0.066 S/m)
Conventional PALS 
895240 (Axelgaard 
Manufacturing CO, 
Fallbrook, USA)
Stainless-steel conductive knit 
mesh, tailored to meet the area of 
the arrays described above
High conductive hydrogel a  « 
0.066 S/m.
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Finally, all the elements of the array were wired and joint together using flat ribbon cables 
(figure 5.24).
Figure 5.24. Half electrode arrays combined with hydrogels AG702 and AG803. 
Experimental setup
Figure 5.25 illustrates the experimental setup used for testing the electrode response to the 
stimuli in experiments 1 and 2. The circuit was formed by two impedance components: one 
constant and one variable. The former consisted of a group of RC components whose 
behaviour is non-linearly dependant on frequency. Its main component was the three- 
element RC skin model with resistive and capacitive values of R e=lkQ  ± 5 %  and Ru=120 
Q ± 5% and Ce = 38nF respectively. The value adopted for Re represents the resistance 
measured when the skin is prepared for electrical stimulation [Campbell, 1982], whereas 
the remaining values of Ce and Ru were selected to simulate the behaviour of the skin at 
high frequencies {> 1 kHz) [Rosell et al., 1988].
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Figure 5.25. Testing circuit used in both experiments. In experiment 1: RL = lkH, excitation source = signal 
generator. In experiment 2: RL= 10 Q, excitation source = electrical stimulator.
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The remaining networks shown in the figure corresponded to the oscilloscope/probe 
impedances of both channels (Rop = 1MQ ± 2%, Cop = 97 pF), and the measuring resistor 
(RL) included in the system to ease visualization of the output waveform in the 
oscilloscope channels. The variable part comprises the testing point, in which all the 
electrode/electrolyte combinations tested during the experiments (yellow part) were 
adhered to a stainless-steel surface (gray part).
The frequency response of the constant part of the circuit was characterised prior to testing 
the electrodes. For that purpose, the circuit was first simulated using Multisim 2001® 
(Electronics Workbench, USA). The software was configured to analyse the system 
response at various frequencies ranging from 10 Hz to 100 kHz. In order to verify the 
reliability of the data collection procedure the results from simulations were visually 
compared against the experimental method. The RC circuit was mounted (the testing point 
was short-circuited) and measurements of input and output voltages (the latter between 
points B and C of figure 5.25) were performed using a 150 MHz digital oscilloscope (ISO­
TECH IDS-820, RS components Ltd, UK). A digital signal generator (TG-100, Grundig, 
Northants, UK) was used to produce 10 V peak to peak sinusoidal input waveforms at the 
selected frequencies (10, 40, 100, 1000, 3300, 10000, 33000 and 100000 Hz) with an 
accuracy of ± 0.05% in the frequency range and ± 5% in the voltage range.
Figures 5.26 and 5.27 depict the magnitude and phase response obtained during 
simulations and the average response of the measurements performed during electrical 
testing with no electrode at different frequencies. In the latter case, the magnitude and 
phase variability was expressed as the range, reaching maximum values of 0.4 dB and 0.5° 
respectively (refer to appendix F for further details). Note that for frequency values less 
than 1 kHz, the gain remained almost constant, showing the largest attenuation at 100 Hz 
(approximately -6.51 dB). This reflects the existence of a high resistance barrier introduced 
by the skin at low frequencies. From 1 kHz to 10 kHz the magnitude raised in quasi linear 
fashion, and the increment continued until it reached a maximum plateau at frequencies 
ranging from 33 kHz to 100 kHz. This reaffirms the capacitive behaviour of the skin at 
high frequencies.
The phase responses slightly differ from each other within the 100 Hz and 10 kHz. Such 
discrepancies can be partly attributed to factors such as the tolerance of the real 
components and errors introduced by the experimenter when registering the time 
differences from the oscilloscope. However, in both curves the phase angle varied in a
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similar fashion with frequency. It remained close to 0° within frequencies ranging from 10 
Hz to 100 Hz. For values larger than 100 Hz, the phase angle starts to increase, until it 
reaches its maximum (i.e. around 16°) somewhere between 3.3 and 10 kHz. For higher 
frequencies, the phase response drops again until it reaches about 2° at 100 kHz.
l.E+01 
n nn
l.E+02 l.E+03 l.E+04 l.E+05
-1.00
_-2.00
2. -3.00
•1 -400o -5.00
-6.00
-7.00
I
:
I
j -----Simulation
: —♦—Experimental
\
Frequency (Hz)
Figure 5.26. Comparison between the simulated and experimental average (n=3) magnitude responses.
Experiments
In order to evaluate the response of the array/gel combinations under investigation, two 
different experiments were performed. Since waveform distortion and voltage loss are 
prone to occur when testing electrodes using high current intensities [Geddes, 1972], a 
low-voltage sinusoidal signal was applied to characterise the behaviour of the arrays in 
experiment 1. However, FES involves the application of relatively higher currents and 
voltages, and therefore, an additional experiment involving the use of a medical electrical 
stimulator was performed. Both, experiments 1 and 2 are described in the following sub­
sections.
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Experiment 1
One conventional PALS electrode and four different array-gel combinations were tested. 
Each electrode was first adhered to the metal plate (testing point shown in figure 5.25). 
The circuit was then fed using low-voltage sinusoidal signals at the frequency values 
specified above. For each electrode, three measurements of input and output voltages were 
registered at each frequency. These values were tabulated and then used for the calculation 
of the magnitude response. Similarly, the time differences measured from all the electrodes 
at different frequencies were used to calculate the phase response. Both the frequency and 
magnitude response values resulting from the three different sets of measurements were 
averaged and plotted. The resultant plots were used to compare the behaviour of all the 
array-gel combinations versus a clinical PALS electrode.
Experiment 2
The four array/gel combinations and the conventional electrode were retested with the 
stimulator output (excitation source) set to the maximum amplitude ( ^ 1 2 0  V), the 
frequency adjusted to 40 Hz and a pulse duration of 300 psec. Each electrode was placed 
again at the testing point, closing the circuit portrayed in figure 5.25. Note that the resistor 
RL was replaced by a small load of 10 f l  to allow measurements of high currents, by 
applying Ohm’s Law (I = V rl/ 1 0 Q ) .  Both output waveforms (voltage and current) were 
captured in the oscilloscope (between points AC and BC respectively), and transmitted to a 
personal computer via serial port (RS-232). Finally, the acquired signals were plotted and 
visually analysed. The results are discussed later in the following sub-section.
Definition o f  the range o f interest (ROD for experiment 1
Prior to the analysis of the results obtained in experiment 1, it was necessary to define the 
range of frequency at which such results were critical. In order to define such a range of 
interest (ROI), the spectrum of an average stimulation signal was obtained using Fast 
Fourier Transform in MATLAB. The results indicated that frequency components having 
major effects on the stimulation process are between 200 Hz and 1700 Hz in the spectrum, 
and therefore, this range was defined as the ROI. More detailed information of the method 
used for the determination of the ROI and the frequency content of the stimulator 
waveform is contained in appendix E.
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Results and discussion
Experiment 1
The results of this experiment are presented below as magnitude and phase plots of the 
frequency response of the experimental setup obtained when testing all the different 
electrodes. Before discussing these plots, it is important to emphasise that the variability 
between the measurements sets recorded from different electrodes at different frequencies 
were also low, showing a maximum range of 0.4 dB and 1.1° in magnitude and phase 
respectively (see appendix F for further deta ils).
Figure 5.28 presents the magnitude plot for all the electrodes tested in this work. The 
resultant average curves for all the array-gel combinations showed trends comparable to 
that obtained without the electrode all over the specified range of frequency, but shifted in 
the gain axis. The largest attenuation values were obtained for Array 2L, whereas the 
smallest were obtained for array 1H. This suggests that the magnitude decreases with the 
decrease in gel conductivity and pads size, but without affecting the nature of the response. 
The trend of the conventional electrode curve was also similar to those for the arrays, 
except for frequency values below 100Hz. At such frequencies this curve experienced a 
steeper slope. A possible explanation for such discrepancies is that the conventional 
electrode comprises a distinct design and it was made of a different material. Therefore, its 
electrical properties differ from those associated to the array-gel combinations. 
Nevertheless, the trend of the curve for frequencies equal to or greater than 100 Hz was 
very similar to those obtained either without the electrode or when using any of the array- 
gel combinations. This resemblance was even more remarkable when comparing this 
electrode versus array 1H (note that the curves overlapped at frequencies equal or larger 
than 1 kHz). It can be concluded that the nature of such similarity is capacitive, taking into 
account that the gel used was the same in both cases. It is important to emphasise that all 
the gain patterns at the ROI (200 -  1700 Hz) were similar in shape to each other, but 
different in offset. Note that the pattern associated with array 1H was the closest in 
magnitude to that obtained without electrode.
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Figure 5.28. Plot of average (n=3) magnitude responses for the conventional PALS and all the array-gel 
configurations in experiment 1. Array 1H = 3 x 3 mm, agei= 0.066 S/m; array 1L = 3 x 3 mm, ogei= 0.0033 
S/m; array 2H=2 x 2 mm, ogei= 0.066; array 2L=2 x 2 mm, a gei= 0.0033 S/m. The shaded area in the graph 
corresponds to the ROI.
In order to quantify discrepancies in gain between the array-gel combinations and the 
conventional PALS, a gain difference factor (GDF) expressed as a percentage was 
calculated using the following expression:
GDF = - 100- 10 20 xlOO
I )
Equation 5-14
where Dijfaj  is the gain difference expressed in decibels between array a and the 
conventional PALS at a given frequency / .  The negative sign value reflects an attenuation 
percentage of a particular array/gel with respect to the conventional PALS.
Table 5.6 displays the calculated GDF factor for all the array-gel combinations. It can be 
seen that the maximum attenuation values were obtained from array 2L, being the largest 
(21.2%) at 33 kHz. At 1 kHz (frequency at which about the maximum power of the signal 
is yielded) the obtained attenuation was 9.9 %. These attenuation values, however, can be 
regarded as non-critical during the application of FES, since they can be overcome by 
increasing the stimulation intensity.
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Table 5.6. Mean gain differences (n=3) between the electrode arrays and the conventional PALS.
GDF = gain difference factor, Array 1H = 3 x 3 mm, ogei= 0.066 S/m; array 1L = 3 x 3 mm, ogei= 0.0033 
S/m; array 2H=2 x 2 mm, qL,ei= 0.066; array 2L=2 x 2 mm, qge|= 0.0033 S/m. ________________
Array 2L Array 2H
vg i ■■«
Array 1L Array 1H
Frequency
Gain diff
_  .......
GDF
(%)
Gain diff
___
GDF
(%)
Gain diff 
(dB)
GDF
(%)
Gain diff 
(dB)
GDF
(%)
1.00E+01 -0.4 -4.8 0.3 2.9 0.4 4.3 1.1 14.0
4.00E+01 -1.5 -15.4 -0.4 -4.5 -0.2 -2.7 0.1 1.0
1.00E+02 -1.5 -16.0 -0.9 -9.9 -0.7 -7.3 -0.3 -3.1
1.00E+03 -0.9 -9.9 -0.4 -4.7 -0.2 -2.3 0.0 -0.1
3.30E+03 -1.3 -14.2 -0.5 -5.2 -0.5 -5.2 0.1 0.6
1.00E+04 -1.8 -18.5 -0.5 -5.0 -1.0 -11.0 0.1 1.1
3.30E+04 -2.1 -21.2 -0.7 -8.2 -0.6 -6.6 0.0 0.2
1.00E+05 -1.8 -18.7 -0.7 -7.4 -0.6 -6.7 -0.1 -0.7
Figure 5.29 presents the phase response for all the cases. When comparing against the no­
electrode curve, it was evident that all the electrodes introduced a phase shift at frequencies 
below 1 kHz. For all the array-gel combinations this event became more pronounced as the 
frequency value decreases. A similar behaviour was described by the conventional 
electrode, although the phase shift remained almost constant in the range of 10 to 40 Hz. 
Once again, the latter can be attributed to the existing differences between the array-gel 
combinations and the pre-gelled electrode. In summary, the behaviour of all the electrodes 
was similar and suggests the existence of a capacitance (in the order of microfarads) which 
is apparently formed by coupling each one of the electrodes to the metal plate at the testing 
point. However, such effects were considered non-critical since the maximum phase shift 
introduced within the ROI did not exceed 3° in the worst of the cases (the high conductive 
arrays).
For frequencies equal to or greater than 1 kHz, the electrode trends again resembled that 
obtained from measurements without the electrode. In this case, both array 1H and the 
conventional PALS showed the most similar patterns, suggesting that little or no alteration 
of the RC-skin phase was introduced by these configurations. On the contrary, the 
remaining arrays showed smaller phase shift values, suggesting that these electrodes 
slightly reduce the effects of the phase distortion. Array 2L showed the largest difference 
at the bell-shaped area of the curve (about 4° less than the no-electrode phase). The latter 
indicates that this configuration further reduces the phase difference seen at this range of 
frequencies. In order to ease data interpretation, the differences in phase between the array- 
gel configurations and the conventional PALS were plotted in figure 5.30. It can be 
observed that variations in phase angles between the array-gel combinations and the PALS 
electrode at the ROI were less than 2°.
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Figure 5.29. Plot o f average (n=3) phase responses for the conventional PALS and all the array-gel 
configurations in experiment 1. Array 1H = 3 x 3 mm, ogei= 0.066 S/m; array 1L = 3 x 3 mm, ogei= 0.0033 
S/m; array 2H=2 x 2 mm, a gd= 0.066; array 2L=2 x 2 mm, a gei= 0.0033 S/m. The shaded area in the graph 
corresponds to the ROI.
Figure 5.30. Phase response difference between the conventional PALS and all the array-gel combinations in 
experiment 1. Array 1H = 3 x 3 mm, a gel= 0.066 S/m; array 1L = 3 x 3 mm, a geF  0.0033 S/m; array 2H=2 x 2 
mm, c gei= 0.066; array 2L=2 x 2 mm, a gei= 0.0033 S/m. The shaded area in the graph corresponds to the ROI.
Experiment 2
Figure 5.31 illustrates the different voltage waveforms produced when maximal 
stimulation was applied across the RC skin model with each one of the electrodes. Note 
that all the recorded signals were similar to each other in shape, but dissimilar in 
magnitude. As expected, the highest voltage was observed when the stimulator output was 
directly connected to the RC network, whereas the second largest magnitude was recorded 
from the conventional PALS. The following value in the scale corresponded to array 1H, 
whose magnitude was slightly smaller than observed for the conventional electrode. Once 
again, this similarity in magnitude can be partly explained by considering that both 
electrodes used the same gel. Note that the magnitude is further reduced when replacing 
the high conductive gel by its low conductive counterpart in array 1L. In addition, array 1L 
produced an output comparable in magnitude to that recorded from array 2H. Finally, array
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2L showed the most attenuated output voltage waveform. This result can be expected due 
to the geometry of the array (i.e. smallest electrodes, largest interspacing) and the low 
conductivity of the gel.
Table 5.7 lists the peak voltages at the voltage waveforms generated by each one of the 
electrodes as well as the difference between them and the peak value obtained when 
stimulation was applied without electrode. The table also includes percent values of peak 
voltage loss. The latter were calculated by dividing the peak differences over the no­
electrode peak voltage and then multiplying by 100, and represent a reasonable estimation 
of how the stimulator output is affected in magnitude by the different electrode alternatives 
presented in this work. In this context, array 2L represents the worst of the cases by 
inducing a reduction of 16.2 %. However, the voltage necessary to generate currents 
activating the motor nerves of the legs using surface FES is typically much lower than the 
maximum achievable by this configuration, and therefore, the use of array 2L would not 
affect the quality of the stimulation in terms of strength. Nevertheless, the power 
consumption would increase in this case, shortening the lifetime of the batteries.
Time (sec) x 1()-3 Time (sec) x 1Q-3
Figure 5.31. Normal (left) and close-up (right) views of the stimulator voltage output measured at the RC 
skin model. Array 1H = 3 x 3 mm, a gei= 0.066 S/m; array 1L = 3 x 3 mm, a gd= 0.0033 S/m; array 2H=2 x 2 
mm, ogei= 0.066; array 2L=2 x 2 mm, ogei= 0.0033 S/m.
Table 5.7. Peak voltages and percent loss for all the electrodes.
Peak
voltage
(V)
Peak diff 
(V)
Peak Voltage loss 
(%)
No electrode 120.4 0.0 0.0
Conventional PALS 118.3 2.1 1.7
Array 1H 115.0 5.4 4.5
Array 1L 107.9 12.5 10.4
Array 2H 107.9 12.5 10.4
Array 2L 100.8 19.6 16.2
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Figure 5.32 portrays the current waveforms measured at the 10 Q  resistor. Note that once 
again all of them resemble to each other in shape, but slightly differ in magnitude with a 
similar trend to that observed for the voltage. In addition, the shape of the resulting current 
waveforms compared well to others obtained when investigating the effects of constant 
voltage stimulation pulses over the skin similar RC models [van Boxtel, 1977]([Lykken, 
1971] as referred to by [Reilly, 1998]). All the recorded signals showed a spike whose 
intensity was limited by the resistance Ru. Once the polarization charge distribution was 
established, the latter falls to a stable value determined by the sum of Re and Ru. Then, the 
current slowly drops to zero before commencing its reversal cycle. The described pattern 
reflects that sufficient charge would be injected to the tissue, as the current is maintained 
during most of the duration of the pulse.
time (sec) x 1Q-3 Time (sec) x 1Q-3
Figure 5.32. Normal (left) and close-up (right) views of the stimulator current waveform at RL=10 Q . Array 
1H = 3 x 3 mm, ogel= 0.066 S/m; array 1L = 3 x 3 mm, ogel= 0.0033 S/m; array 2H=2 x 2 mm, ogei= 0.066; 
array 2L=2 x 2 mm, ogei= 0.0033 S/m.
Conclusions
This section presented a simple method for array characterisation which consisted of 
comparing the responses induced by different types of electrodes over a RC skin model at 
low and high voltages. In both cases, the responses and the waveforms obtained from all 
the array-gel combinations compared well to that obtained from the conventional electrode. 
In the case of array 2L, it is believed that its lowest magnitude response can be 
compensated by simply increasing the stimulation intensity, although this action may 
compromise the life of the batteries. Future investigations should address this issue. One 
possible direction would be the assessment of thinner and less conductive self-adhesive
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gels. Unfortunately, the only gel options available during the development of this project 
were those used in this work (as mentioned earlier in this chapter, attempts for obtaining 
gel samples from another company were unsuccessful).
Since the skin should ideally be cleansed prior to the fixation of the electrodes, the resistor 
representing the stratum corneum in the model (Re) was chosen to be low. Regrettably in 
some cases the patients/carers tend to omit this step, leaving the portion of the skin over 
which the electrodes are usually placed unclean. This introduces a resistive barrier which 
can reach values of resistance much higher (in the order of several kf2) than that used for 
the experiments. Further work should consider the possibility of running the experiments 
for different values of Re, although similar trends can be expected.
5.5. Choice of array
Once completed the second stage of the process, the results from both studies pointed to 
the selection of the array formed by smaller electrodes and larger inter-separation gaps. It 
is believed that the best pattern of spatial selectivity, focality, current density distribution 
and waveform integrity can be achieved when using this geometry in combination with the 
low conductive gel (array 2L). However, modelling and characterisation work agreed in 
that the implementation of this choice is prone to introduce the higher losses observed 
amongst all the investigated alternatives. As discussed above, this issue can be solved by 
increasing the stimulator intensity, but bearing in mind that the duration of the batteries 
would be somewhat reduced. Therefore, it was decided to proceed with the implementation 
of this array-gel combination as the final prototype version of the array to be used during 
the rest of the project. The details of the fabrication process are given in the following 
section.
5.6. Stage 3: Array Fabrication
5.6.1. Photolithographic PCB technique
Photolithography is a technique commonly used for the fabrication of printed circuit 
boards (PCB). It was successfully applied to produce both, hard and flexible versions of 
PCB electrode arrays. The steps followed for the production of the final flexible PCB array 
are described below:
• The PCB layouts (mask) were first printed in real scale on a translucent paper sheet, 
using a laser printer at its maximum resolution.
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•  An A Q -10 single-sided flexib le PCB lamina (CIF, Bagneux Cedex, France) was
tailored to match the dim ensions o f  the array. Then, the protective film  was
removed, leaving the material ready for photo-exposure.
•  A s shown in figure 5.33, the A Q -10 was placed on the U V  lamp facing upwards
and covered with the mask. Then, the lid was closed and the time set to 100
seconds.
Figure 5.33. Photo-exposure of the flexible PCB array, a) UV lamp, b) close-up view of the flexible PCB and 
mask.
•  In order to rem ove the exposed parts o f  the photo-sensitive film , 50 grams o f  
sodium  silicate universal developer (690-849, RS com ponents, UK) were diluted in 
1 litre o f  warm tap water contained in a Pirex® glass. This result in a solution o f  
5% o f concentration which was em ptied on a large tray used to immerse the A Q -10  
photo-exposed material. Once immersed, the latter was gently agitated into the 
solution using a pair o f  plastic tweezers. It was done until the array geometry was 
clearly seen over the copper surface (figure 5.34).
Figure 5.34. AQ-10 lamina after removing the excess of photo-sensitive film.
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•  Next, the PCB lamina was rinsed with warm water and then introduced into a 
recipient containing etching ferric chloride at 50% (500 gr/lt). Once again, the 
lamina was agitated until all the excess o f  copper was removed (figure 5.35).
Figure 5.35. B eginning (a) and end (b) o f the etching process.
•  The array was re-exposed to U V  light and immersed again in universal developer 
(figure 5.36a). The PCB was dipped up and down until removal o f  the remaining 
photo-sensitive film  covering the tracks and the pads o f  the array was accom plished. 
Figure 5.36b displays the final flexib le PCB version o f the array.
•  Finally, the non-electrode parts o f  the tracks were carefully painted with electrical 
insulating varnish 199-1480 (RS Com ponents Ltd, Northants, UK).
Figure 5.36. a) Array immersed in the developer solution, b) final PCB of the flexible array
Although the fabrication procedure was sim ple, it was first necessary to calibrate the 
photo-exposure time as recomm ended by the manufacturer. For that purpose, various 
preliminary non-flexible PCB arrays were produced at different photo-exposure intervals 
ranging from 60 to 140 seconds using a singled-sided material o f  similar characteristics to 
the flexib le A Q -10 but approximately half o f  the cost (£ 30.25).
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The best results from the calibration tests using non-flexible PCBs were obtained at 90, 
100 and 120 seconds. These tim es were im plem ented for the photo-exposure o f  three 
preliminary flexib le arrays, which were photographed at m icroscopic scale after the final 
step o f  the process. Figure 5.37a show s that the copper in between som e o f the tracks 
(rectangle r l)  was not properly rem oved after etching, suggesting that an increment in the 
exposure time was required. Figure 5.37b portrays the over-exposure case. N ote that after 
etching, the copper was badly over-etched at electrode pad (r3) and the tracks were 
partially over-etched (r2). Finally, the best case is shown in figure 5.37c in which a photo­
exposure time o f  100 seconds was set.
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Figure 5.37. Microscopic photos (magnification scale x 4) o f regions of three electrode arrays exposed to UV 
light for a) 90, b) 120 and c) 100 seconds. The red rectangles (r 1 ,r2 and r3) correspond to the defective areas.
5.6.2. In-bandage array
In order to affix the array to the leg  o f  the user, it was incorporated into a bandage which  
can be easily wrapped around the shank. A s shown in figure 5.38, tw o purpose-built strain 
relief PCBs (non-flexible) were sew n into a backing cloth to provide the array with fixed  
connectors. The latter not only prevents the array from overstretching, but also relieves the 
strains introduced by the wires connecting the array to the main circuitry. The array was 
glued to the connectors and then the wires were soldered to the connecting ends situated at 
both sides o f  the PCB. N ote that the wires were passed into the cloth through two holes 
situated at both sides o f  the array. The solder points were painted with insulating varnish 
and then covered with electrical isolation tape. A couple o f  days were allow ed to leave the 
varnish and glue to cure. Once the array was ready to use, the self-adhesive gel (A G 803) 
was placed carefully over the effective area o f  the array, and was covered with a 
translucent protective screen. Although the gel offers strong adherence o f the array to the 
skin, it is further secured by the neoprene bandage.
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Figure 5.38. Surrey electrode array, a) Close-up view, b) Normal view of the array ready to use 
5.7. Overall conclusions
A high-resolution electrode array has been designed and fabricated in this work. Results 
from m odelling indicated that an array formed by square 2 x 2  mm electrodes separated 
from each other by a distance o f  4  mm w ill provide a selective and sufficiently uniform  
current density distribution pattern when com bined with the low  conductive AG 803 gel. In 
addition, the characterisation work show ed that high and low  voltage stimulation 
waveform s applied using the array are sufficiently similar to those observed when using 
conventional electrodes. Therefore, it was believed that this array would provide a method 
to achieve selective and functional electrical stimulation with a similar or better comfort 
than that offered by conventional PALS electrodes.
H aving developed the array prototype, hardware and software are necessary not only to 
couple the array to an electrical stimulator, but also to operate it during experimental trials. 
The developm ent o f  such hardware/software is the topic o f  the next chapter.
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Chapter 6 : Development of the SEAS control unit
This chapter presents the m icrocontroller-based electrode array control system  intended for 
the experim ental evaluation o f  the electrode array described in chapter 5. The unit in 
conjunction with a personal computer, is capable o f  sim ultaneously distributing the output 
o f a com m ercial electrical stimulator to preconfigured clusters o f  pads contained in the 
array, in order to create electrodes o f  various sizes and shapes that can be selected and 
steered by the user using an interactive interface. It also provides real-time monitoring and 
data recording capabilities to enable the analysis o f  foot angular response when applying  
the stimulus at different positions. In addition, this control system  is also equipped with a 
joystick  control and a m ultimedia environment envisioned to assist the patients during the 
electrode positioning task. A lthough the system  was m ainly designed to aid electrode  
positioning based on an open-loop strategy, it also provides a platform for future 
im plem entation and evaluation o f  closed  loop algorithms.
6.1. System Requirements and specifications
The general requirements for the system  were as follow s:
1. The system  must provide the user with an instrument to facilitate searching o f  the 
appropriate site for stimulation, but without involving physical relocation o f  the 
electrodes. Therefore, the system  must enable clustering and real-tim e operation o f  
adjacent array pads in order to perform electronic scanning o f  the correct position  
by means o f  emulated electrodes (i.e. virtual electrodes) similar in size and shape to 
those clin ically used in drop foot applications.
2. In order to evaluate the response to stimulation at different electrode positions, the 
system  must be capable o f  monitoring and recording foot angular data specifically  
dorsiflexion and eversion o f  the foot. M easurements o f  current intensity would also  
be desirable when using constant current stimulators.
3. The system  must provide the patient with a user interface aiming to facilitate  
electrode positioning in an effortless and fast manner. In addition, SEAS must 
provide the user with som e audiovisual guidance during the electrode positioning  
process, in order to indicate not only when the position o f  the virtual electrode has 
reached the boundaries o f  the array, but also when the stimulator output is switched  
on or off.
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4. The system  must be electrically safe.
5. SEAS must allow  coupling with different surface electrical stimulators.
Bearing in mind these aspects, the technical specifications o f the system  were determined.
6.2. Hardware
Figure 6.1 presents the block diagram show ing all the hardware stages forming part o f  
SEAS. Each block o f the diagram is explained in detail from their schem atic circuits in the 
follow ing sub-sections. A list o f  the main electronic com ponents forming part o f  these 
circuits is contained in appendix G.
Sw itching box
6.2.1. Switching Box
The switching box com prises the main part o f  the system. This is formed by two main 
modules:
•  Array controller.
•  Optical de-m ultiplexer (sw itching circuit).
A rra y  con tro ller
This is the central processing unit o f  SEA S, and its main function is not only to execute the 
tasks requested by the user via the patient operating interface or personal computer, but 
also to acquire and convert to digital format information about foot angular response and 
stimulation intensity. Figure 6.2 illustrates the circuit diagram o f the array controller. This 
unit is based on a 16F877 microcontroller (U 7) (M icrochip T echnology Inc, Arizona,
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USA). This device contains a number of features, e.g. sufficient memory, that make it 
suitable for the implementation of the proposed system (refer to appendix P for companion 
disc containing the datasheet). In this application, the 16F877 was operated at 4 MHz; 
considered fast enough to process user’s commands such as selecting the electrode size and 
position without compromising the sampling frequency (50 Hz) at which the sensor signals 
are acquired. The microcontroller is also equipped with an in-built 10-bit analogue to 
digital converter (ADC) giving a resolution of 4.88 mV/bit when used with a reference 
voltage of +5V. Three ADC channels were used to sample and digitise the signals from the 
sensor’s instrumentation and the stimulation current measurement circuit (explained later 
in this chapter). The 16F877 also provides a serial port which enables either synchronous 
or asynchronous communication with external peripherals via RS-232. This feature was 
used to establish a protocol link between the array controller and the personal computer 
(PC) running the user’s application software. However, since the voltage levels driven by 
the microcontroller and those demanded by the RS-232 standard are not the same, a MAX- 
232 (U16) (Maxim Integrated Products, California, USA) was used for coupling the 
microcontroller unit with the computer’s serial port. This chip contains internal voltage 
DC-DC converters which make possible the transformation of TTL/CMOS voltage levels 
into their RS-232 equivalents and vice versa.
The microcontroller also contains 5 bidirectional (input-output -  I/O) ports labelled from 
RA to RE. Port RA has six I/O lines, of which five of them were used as follows:
• RAO and RA1: analogue inputs connected to the sensor instrumentation unit 
acquire angular data corresponding to motion of the ankle and foot.
• RA3: analogue input for collection of data corresponding to stimulation current.
• RA4: digital output for adjustment of the stimulation intensity.
• RA5: digital output for selection of the polarity of the stimulator output.
Port RB comprises 8 digital I/O pins used to capture the commands requested by the user 
through the patient operating interface. Due to bouncing effects that may be introduced by 
the six common-open mode switches contained in the patient interface, a de-bouncer 
circuit was necessary to ensure a reliable operation. Although switch de-bouncing can be 
done by software, most of the routines cause large delays that consume microcontroller 
time. In addition, de-bouncing software is not able to address the problem caused by 
electro-static discharges (ESD). An alternative solution is the use of passive components,
122
Chapter6 Development o f the SEAS control unit
but the resulting circuit would be bulky. For all these reasons, the de-bouncer chip MAX- 
6818 (U l) (Maxim Integrated Technology, California, USA) was selected for this task. 
This device includes key functions such as over-voltage and ESD protection into a single 
integrated circuit. The operating interface switches were wired with MAX-6818 inputs 
(IN1-IN6). Thus, the de-bounced output was passed to the microcontroller via pins RB1- 
RB6, whilst control pins CH (change of state) and EN (output enabled) were connected to 
RBO (interrupt pin) and RB7 (digital output) respectively. The protocol between the de­
bouncer circuit and the microcontroller is explained later in the software section of this 
chapter.
In order to drive the high-resolution array (12 x 10 elements) described in chapter 5, 
twenty two digital outputs (twelve for the rows and ten for the columns) were necessary. 
Since the remaining ports were not enough to cover this need, a bus expander was 
implemented using four 74HC573 integrated circuits (U8 - U l 1); the first two were used 
for selection of the rows, whereas the remaining two were used for selection of the 
columns. Due to the latching capabilities of these ICs only one 8-bit port (RD0-RD7) and 
some control lines (RC0-RC4) were needed to create and maintain the 12-bits and 10-bits 
words used for selecting the active rows and columns associated with a given virtual 
electrode and its position. The used outputs of the latches are fed to the optical de­
multiplexer by means of a DB-25 connector, whilst the unused ones are available for 
upgrading of the system involving arrays formed by a maximum of 256 (16 x 16) elements.
In order to either allow or restrict the pass of the stimulator output to the optical de­
multiplexer, the microcontroller sends an activation signal (Stimulation On/Off) through 
RC5. This port line is connected to a switching circuit (described in section 6.2.2) which is 
responsible for the aforementioned task. The remaining lines of port C (RC6 and RC7) 
corresponded to the 16F877 serial port transmitter (Tx) and receiver (Rx) lines, wired to 
the MAX-232 IC.
For correct operation of the array controller, a simple reset circuit was connected to the 
microcontroller master reset pin. Finally, the 16F877 and the remaining ICs were powered 
with +5V obtained from the output of the voltage regulator LM7805CDT (U12). All the 
necessary ground connections were also wired to the GND pin of this IC. Zener diodes 
(Z1-Z4) were included in the system to provide protection against undesirable over­
voltages. An external power supply (±10V, maximum current = 2A) was necessary to 
power the switching box and those external circuits optically isolated from the users.
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Chapter6 Development o f the SEAS control unit
O ptica l de-m ultip lexer.
The optical de-multiplexer is the part of the hardware in charge of coupling the stimulator 
with the electrode array. This stage is responsible for the distribution of the stimulation 
outputs to those pads of the array which are currently selected by the user either using the 
patient operating interface (joystick) 01* the PC mouse.
Based on requirements 3 and 4 (see section 6.1), the initial electrical specifications of this 
stage were determined as follows:
• Maximum output voltage rating = ± 200 VAC.
• Maximum current rating = ± 200 mA.
• Switch resistance in OFF position >100 MO.
• Switch resistance in ON position < 10 O.
• The stimulator output can not be distorted after passing through this circuit.
• Power loss <5%.
• Should provide means for isolating the patient connections from the main circuitry.
The selection of the appropriate switching device was done by considering not only the 
electrical specifications, but also the simplicity of the circuit design. For this puipose a 
number of alternatives such as transistorised analogue circuits, magnetic relays and solid 
state relays (SSRs) were evaluated. Particular attention was given to the latter due to their 
intrinsic advantages:
• Optical isolation.
• High speed switching.
• Capability of handling high AC and DC loads.
• Very low ON resistance.
• Very high OFF resistance (i.e. very low leakage current levels).
• Bouncing associated with switching does not take place.
• No electromagnetic interference is caused by contact commutation.
After comparing the electrical characteristics of different SSR devices, the results favoured 
the use of solid state relays NAIS AQV-253 (Matsushita Electric Works Ltd, Tokyo, 
Japan). One of the major advantages of using these devices is that they optically isolate the 
user from the rest of the circuitry of SEAS, providing a high level of electrical safety 
which guarantees that only the circuits involved with the stimulator (CE marked device
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powered with batteries) will be in direct contact with the users. The NAIS AQV-253 
includes the following features:
• Maximum output voltage rating = ± 250 VAC.
• Isolation voltage = ±1500 VAC.
• Maximum current rating = ± 600 mA.
• OFF resistance = 1000 MO.
• ON resistance = 2.6 O.
• OFF state leakage current = l p A.
• Photodiode turn-off current = 0.4 mA.
• Photodiode forward current from 0.9 to 50 mA.
• Typical photodiode drop out voltage = 1.14 V.
• Switching time = 0.8 ms (ON time), 0.06 ms (OFF time).
Since a large number of conductive pads (120) is involved in the array, a strategy was 
devised to achieve the best compromise between circuit complexity and the versatility to 
create different electrode shapes. The adopted strategy can be described using a simple 
diagram (figure 6.3): the array was seen as a ‘matrix’ of light emitting diodes 
(corresponding to the photodiodes contained inside each SSR) which can be grouped and 
scanned by selecting their associated rows and columns. Such a matrix (the array) was 
divided into four sub-matrices of 6x5 elements each, forming four quadrants. Thus, four 
boards (containing 30 SSRs each) were built so that each one of the six rows was formed 
by connecting to the same track all its pertinent anodes. A similar process occurs for the 
five columns, but in this case the pertinent cathodes are wired together to a common track. 
Finally, the stimulator output is connected to the inputs of the photosensitive switches of 
all the relays (see figure 6.4 for the schematic of the circuit).
The operation principle of each SSR board can also be explained from figure 6.3 as follows: 
the array controller emits and then latches two binary words; one for the rows and one for 
the columns (in this example 000011110000 and 0001111000 respectively). Thus, when a 
binary ‘1’ arrives to a group of rows (rows 5, 6, 7 and 8 in this case) a number of BJT 
emitter followers are biased to allow the pass of current drained from the source (Vcc). 
However, the latter is not sufficient to accomplish this task; the photodiodes must be 
polarised by the action of the coupling circuit at the column side. This circuitry also 
comprises a set of BJT transistors whose collectors are connected to the end of each
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column. These devices act as ‘electric taps’ which remain closed until binary ‘ones’ arrive 
to their inputs. When the latter takes place, the selected transistors turn into saturation state 
(in this example those connected to columns 2, 3 and 4). This leads to a voltage drop of
0.2V at their output (emitter in this configuration), which polarises the photodiodes of the 
implicated SSRs, switching them on (filled with yellow in the figure). As a result, the 
stimulator output is distributed to the pads associated to these relays, creating a virtual 
electrode ( 4 x 4  square in this example) that can be moved in every direction by shifting 
the binary words to the right or left. For example, to move the electrode one step to the 
right, and one step down from its current position, the binary words would be 0000111100 
and 000001111000 respectively. In many occasions it is necessary to shift the electrode to 
other positions, involving relays contained in different quadrants. This case is also shown 
in figure 6.3, where the 4x4 square virtual electrode was created in the middle of the array.
I II
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Figure 6.3. Simplistic LEDs explanatory diagram of the strategy implemented to create and steer virtual 
electrodes using the Surrey Electrode Array System. The red dashed line virtually divides the array into four 
quadrants (I = top-left; II = top-right; III = bottom-left; and IV = bottom right) which are driven by individual 
SSRs boards. In this example the cells in yellow represents the active pads of the array, forming a 4 x 4 
virtual electrode in the center o f the array.
In order to ensure the appropriate functioning of the transistor-based coupling circuits, the 
values of the resistances for the base and emitters were calculated based on the electrical 
characteristics of the relays and transistors (BC849C) involved (see appendix P for
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datasheets). The first step for the calculations was to determine the electric network formed 
by one of these coupling circuits (e.g. the circuit driving the top-left SSR of the I quadrant 
board shown in figure 6.5), and then obtain the value for the necessary resistance to 
operate the relay photodiode at 5 mA (recommended forward current) and 1.5 V of 
maximum voltage drop Vd. Transistor Q1 is biased to provide the current necessary to turn 
on the photodiode when Q7 is operating in the saturation region. This forms the network of 
figure 6.4, which can be solved using the classical Kirchoff’s voltage law:
-Vcc + Vcel+IcRL+Vd+Vce2=0 Equation 6-1
-5V + 0 .6V + (5 x 10"3A  x RL)+1.5V+0.6V=0 
-2 .3V + (5x 10"3A  x RL)=0 
RL=(2.3/5xlO'3A)
RL=460 £2
Since resistors of 460 Cl are not commercially available, RL was approximated to 470 Cl.
Vx- in R b  Q1
(from row n) o A  1 V c e i  d i
  -A-------H>h
lb  v * e I V d (tn a x )
r R e  R b
- Vy_jn ° -------A ———r v c e 2
(from column m) vb©~
Figure 6.4. Equivalent circuit for the calculation of RL and Rb for ensuring saturation of the transistor-based 
coupling circuits.
Rb was calculated for a maximum collector current of 25 mA, considering the case in 
which the five photodiodes are turned on. In addition, a minmum current gain, hfe=420, 
was assumed in order to ensure saturation for the worst of the cases.
Ib=Ic/hfe Equation 6-2
Ib=25 x 1CT3 A /420 = 5.95 x 10'5A
Rb=(Vin -  Vbe)/Ib Equation 6-3
Rb=2V-0.8V/ 5.95 x 10‘5A 
Rb=20168 Q w 20 kO
Finally, the value of Re was chosen to be 100 kQ in order to force most of the current to 
flow thorough the photodiode. Once the values for the resistors were obtained, the circuit 
in figure 6.4 was mounted in a breadboard and then tested prior to its definitive 
implementation as part of the SSR boards.
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Chapter6 Development o f the SEAS control unit
6.2.2. Stimulation ON/OFF and current measuring stage
Figure 6.6 shows a general diagram of this module, whilst figure 6.7 shows the detailed 
circuit schematic. The first block of the general diagram corresponds to the stimulation 
ON/OFF circuit which is formed by a AQV-253 relay driven by a transistor switch 
identical to those described above. As mentioned in section 6.2.1, when the array controller 
sends a binary one via RC5 the transistor saturates activating the photodiode, and 
consequently, switching the stimulus to the optical demultiplexer and to the current 
measurement circuit. The latter was mainly envisioned for measuring the current delivered 
to the tissue using constant current stimulators. However, it can also be utilised with 
constant voltage stimulators, yet the measurements will be dependant on the skin 
impedance.
The measuring element of this stage consist of a 10 £1 resistor connected in series between 
the output of the AQV-253 and the optical de-multiplexer stage. The value for this resistor 
was made very low to permit current measurement without affecting the strength of 
stimulator output. Thereby, it was possible to calculate the current intensity in accordance 
to the Ohm’s law (I=V/R), by establishing a relationship of 1:10 between the voltage and 
the current at the measuring element (10 Q resistor). Both ends of the resistor were 
connected to the inputs of an instrumentation amplifier IN A 121 (U2) (Texas Instruments 
Incorporated, Dallas, USA) in order to register the voltage accross it. This device is 
commonly used in biomedical applications and present several advantages such as high 
input impedance (1012 Q), low offset voltage (±200 pV) low quiescent current (±450 pA) 
and high common mode rejection ratio (CMRR = 106 dB).
The gain of the INA 121 was set to 2 by placing a resistor (Rg) of 50 kQ between pins 1 
and 8, giving a scale factor of 20mV/mA. In order to guarantee appropriate electrical 
safety, this amplifier was supplied with an isolated source of voltage of ± 5 V. Isolation 
was possible using a DC-DC converter TEN5-1212 (Traco electronic AG , Zurich, 
Switzerland). This device (not shown in figure 6.7) is able to produce ± 12V/±250 mA 
from a voltage input ranging from 9 to 18 V, and is provided with an isolation resistance of 
1000 MO. Both, the positive and negative outputs of the DC-DC converter were regulated 
to +5V and -5V using the voltage regulators MC78L05A (U5) and MC79L05A (U6) 
respectively. The output of the INA-121 was passed through an isolation amplifier ISO- 
122JP (U3) and then fed to a positive peak detector circuit.
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At this stage, the maximum positive peak value of the waveform is converted to a DC level 
(between 0 and 5V) which lasts for a preset time. The working principle of this circuit can 
be described in simple terms as follows: when a positive value is fed to the non-inverting 
input of the first operational amplifier TL084 (U4A), the ouput biases the diode D1 
charging the capacitor C5 (see figure 6.7). The latter will stay charged with its present peak 
value either until a higher peak emerges or until the interval defined by the RC time 
constant expires (in this application the values of RC were chosen to obtain a time constant 
of 500 ms). Finally, the peak value is passed through a second TL084 (U4B) configured as 
a buffer to provide impedance coupling between the peak dectector and the analog input 
(RA3/AN3) of the ADC.
Figure 6.6. B lock diagram of the current measuring circuit.
6.2.3. Polarity and return electrodes
For reasons discussed in chapter 3, in some cases it is necessary not only to reverse the 
polarity, but also to change the position of the return electrode. These tasks can be 
achieved by SEAS without the need of physically moving electrodes or cables by means of 
two selectable return electrodes that can be placed in different anatomical parts (e.g. one 
over the tibialis anterior belly and another over the popliteal fossa) and whose polarity can 
be swapped with that of the array.
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Chapter6 Development o f the SEAS control unit
Figure 6.8 shows the schematic diagram of the circuit intended for reversing the 
stimulation polarity and selection of the return electrode. It consists of six relays driven by 
BJT inverters: a sub-group of four relays are in charge of changing the polarity. Two relays 
of this sub-group (U2 and U3) are used to switch either the cathodic (stim -) or anodic 
(stim +) outputs of the stimulator to the electrode array at junction A (pin 1 of the four pin 
connector JP2, fed to the optical de-multiplexer). Likewise, the remaining two (U4 and U5) 
are responsible for commuting either the cathodic or anodic outputs of the stimulator to the 
return electrode relays at junction B. Note that the cathodic stimulator output is shared by 
relays U2 and U4 (junction C), whereas the anodic one is shared by U3 and U5 (junction 
D). Only one digital output from the microcontroller (RA5) was used to change the 
polarity. It was achieved by adding a digital logic stage formed by three TTL inverter gates 
DM74LS04M (U1A- U1C). The working principle of this logic can be explained from its 
truth table (table 6.1). When a binary ‘0’ appears at RA5, transistor Q1 goes into saturation 
(due to the action of the inverter gate U1B) switching relay U2 on. At the same time 
transistor Q3 remains in the cut-off region, maintaining U3 in off state. These actions 
permit the pass of the cathodic output (stim -) to the optical de-multiplexer, and hence, to 
the electrode array. Similarly, the double inverter formed by the logic gates U1A and U1C 
biases transistor Q4 and maintains Q2 in cut-off state, allowing only the anodic output 
(stim +) to flow to the return electrode relays. Thus, the polarity will remain in ‘normal’ 
state until a binary one appears at pin RA5 of the microcontroller. In this case, the inverse 
logic process will take place, reversing the polarity of the stimulation.
Table 6.1. Truth table for polarity selection
RA5 Ql Q2 Q3 Q4 U2 U3 U4 U5 A B Polarity
0 on off off on on off off on Stim - Stim + Normal
1 off on on off off 011 on off Stim + Stim - Reversed
Finally, the remaining pair of relays (U6 and U7) formed the return electrode selection 
circuit. These relays are driven by two transistor switches (Q5 and Q6) under the control of 
two digital outputs of the microcontroller (REO and RE1). The calculations and working 
principle of these transistorised switches is the same explained in section 6.2.1.
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6.2.4. Stimulator
The stimulator used in this study was the Microstim2 V2 (Odstock Medical Limited, 
Salisbury, UK). It is a battery-operated clinically tested (CE marked) device intended for 
the exercise of paralysed or weak muscle. This two-channel surface stimulator delivers 
asymmetrical biphasic stimuli in order to produce selective stimulation while maintaining 
an electrochemical equilibrium at the electrode-electrolyte-skin interface. The voltage 
output of this stimulator provides an additional safety level, since it prevents skin burning 
or irritation that may result from either uneven impedance at the electrode or inappropriate 
electrode-skin contact. More details about the stimulation parameters are displayed in table 
6 . 2 .
Table 6.2. Stimuli waveform specifications according to the manufacturer’s datasheet.
Parameter Value Unit
Adjustable frequency 20,40 Hz
Pulse width 300 ps
Adjustable amplitude (lkQ  load) From 0 to 120 max mA
Figure 6.9 illustrates the Microstim2 V2 stimulator used in this work. The stimulation level 
in channel B can be adjusted by varying the position of the front panel control. Note, 
however, that the front panel control in channel A was replaced by a cable connection 
which couples the device with SEAS through the intensity regulation circuit described in 
the following sub-section. This stimulator is provided with ten different programs. In this 
work, it was used in mode 5 allowing the application of an uninterrupted stimulus of 40Hz, 
suitable for searching the right anatomical point for stimulation.
C o n n e c t i o n  
Lead for  i nten si ty  
r eg ul a t i o n circuit
Figure 6.9. Microstim 2 V2 stimulator adapted for this project.
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6.2.5. Intensity regulation
One of the most important features of SEAS is its capability of collecting data (i.e. foot 
angular position in the sagittal and frontal planes, and current intensity) while scanning the 
virtual electrode sequentially throughout the array. In addition, SEAS is also capable of 
controlling the stimulation intensity while registering the number of stimulation steps 
adjusted in the system. This information is not only displayed in the PC screen, but also 
can be recorded together with the rest of the data in a text file. This characteristic is of 
paramount importance for the creation of charts of functional response versus electrode 
position that can be evaluated offline.
For each electrode position, the stimulation intensity can be manually or automatically 
increased/decreased by the system. For this purpose, one of the controls of the stimulator 
(rotational potentiometer of 47 kQ) was replaced by an intensity regulation circuitry that is 
controlled by the system using a graphical user interface (figure 6.10). The main part of 
this circuit consists of a 50 kQ digital potentiometer DS-1804 (Dallas Semiconductors 
Corp, Texas, USA). The DS-1804 has 100 different wiper positions that can be selected by 
a three-terminal port connected to an up/down counter controlled logic. One pin of the port 
is to activate the chip (-CS), whereas the remaining two (U/-D and ~>INC) are for 
controlling the direction and the increment/decrement of the counter respectively. The 
output of the counter is connected to a 100 to 1 multiplexer, which determines the value of 
resistance between both ends of the potentiometer (H and L) and its wiper (W). The DS- 
1804 also contains an EEPROM register to store the present value of the counter before the 
system is power down. However, this feature was not used in this application for safety 
reasons. Instead, the system automatically initializes the potentiometer to zero resistance 
any time it is switched on (further details are given in the software section), in accordance 
to the particular requirements for the safety of nerve and muscle stimulators as defined in 
the British Standard BS EN 60601-2-10:2001.
In figure 6.10, the microcontroller digital outputs RA4 and RE2 were used to control the 
up/down counter. Transistorised switches (Q1 and Q2) were implemented to provide a 
buffering stage between the microcontroller lines and the solid state relays used for optical 
isolation. The latter was necessary since the intensity regulation circuit is in electrical 
contact with the stimulator (i.e. their grounds were interconnected). In addition, the DS- 
1804 and the output of the relays were supplied with +5V obtained from the positive 
voltage regulator forming part of the isolated voltage supply described in section 6.2.2.
136
C
ha
pt
er
6_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
D
ev
el
op
m
en
t 
of 
the
 
SE
AS
 
co
nt
ro
l 
un
it
Fi
gu
re
 
6.
10
. 
Ci
rc
ui
t 
dia
gr
am
 
of 
the
 
in
ten
sit
y 
re
gu
la
tio
n 
ci
rc
ui
t.
Chapter 6 Development o f the Surrey Electrode Array System Hardware
Another important aspect considered for the design of the intensity regulation stage was 
the smoothness at which the stimulation intensity changes occur. A large increase in the 
stimulation intensity from a previous value to the next may produce disproportionate and 
uncomfortable stimulation to the patient. In order to investigate how these changes take 
place when using the intensity regulation circuit, average peak voltages per intensity steps 
were calculated from sets of five measurements per increment (the procedure and the 
results obtained from characterisation of the stimulator output are described in appendix H), 
and then used to calculate the mean voltage difference (transitions) between each two 
consecutive potentiometer steps. It was noted that the differences were smaller than 3V in 
all the cases, except from the 10th transition (i.e. between steps 10 and 11) where a 
difference of 3.3 V was obtained.
In order to check that the differences between intensity increments did not compromise the 
smoothness of the stimulation, the intensity regulation approach was preliminary tested in 
three healthy volunteers using rounded (38 mm diameter) and square (50 x 50 mm) 
conventional electrodes. The subjects reported no abrupt changes in sensation from one 
step to the other.
6.2.6. Patient operating control
For reasons discussed in chapter 4, the development of a patient operating control to assist 
electrode positioning using electrode arrays was necessary. In this work, a joystick was 
proposed as a potential tool for facilitation of this task (the rationale for this choice is given 
later in chapter 8). Both, the joystick and its control circuitry (described above in section 
6.1) were devised to allow the user to steer, step by step, a preconfigured VE shape 
throughout the array. The device chosen for this application was the OCS-IOOO V4 (Oliver 
Control Systems, Buckinghamshire, UK). This joystick contains four micro-switches used 
to provide movements in the horizontal and vertical axis (i.e. left, right, up and down). 
Although these switches can withstand high intensities (250VAC/5A), their gold contacts 
ensure reliable switching at very low voltages. The lever is made of stainless steel covered 
with a nylon knob envisioned to provide a robust but electrically safe interface to the user. 
After being tilted, the lever automatically returns to its central position due to the action of 
internal springs. The mechanical life of this device is greater than five million cycles. 
Figure 6.11 illustrates the joystick dimensions and its assembly directions.
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Figure 6.11. OCS-IOOO V4 microswitch joystick, a) top view, b) lateral view, c) assembly directions. The 
metrics units are mm.
As shown in figure 6.12, the OCS-IOOO was mounted into a plastic enclosure (110 x 66 x 
30 mm) that can be easily held in one hand. Two buttons were also included as part of the 
operating control; one of them (red) used to activate/deactivate the stimulation output, 
whereas the other (black) returns the virtual electrode to its initial position. Finally, a flat 
ribbon cable was used to interconnect the operating interface to the system by means of a 
DB-9 type connector.
Figure 6.12. Joystick/keypad interface, a) top view, b) side view.
6.2.7. Sensor: twin-axis flexible electrogoniometer SG/110A
The SG/110A (Biometrics Ltd, Gwent, UK) is a twin-axis flexible electrogoniometer 
which varies its resistance with respect to joint angular displacement. As shown in figure 
6.13, it consists of a protected strain-gauged cable which connects two end-blocks; one 
fixed and one telescopic, allowing linear displacement in the designated ZZ’-axis. When 
bending the cable, the strain gauges produce variations in resistance proportional to the 
angle of mutual orientation of the two endplates in one plane [Tesio et al., 1995]. The
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SGI 10/A allows simultaneous measuring of joint angles in two planes (e.g. ankle 
dorsiflexion/plantarflexion and foot eversion/inversion). It has two separate connectors for 
transmitting angular motion from the designated XX’ and YY’ axis. Thus, two voltage 
signals equivalent to the current angular displacement between the two endblocks in both 
planes are generated by the sensor and its associated instrumentation.
The choice of this sensor was made on the following basis:
• Its portability and easy application allows the use of this sensor in different clinical 
environments [Moriguchi et al., 2007].
• Its ample measuring range makes it a suitable instrument for measuring any angular 
displacement within the range of motion of the ankle and subtalar joints.
• It is easy to calibrate and does not require complex calculations to obtain the 
angular measurements from its output signal (further details given in the software 
section).
• It is easy to interface with a personal computer.
• It is accurate, repeatable (when properly used), and suitable for measurements of 
ankle-foot angular motion (see chapter 8).
• The immediate availability of the sensor and its instrumentation at the Centre for 
Biomedical Engineering of the University of Surrey.
Table 6.3 contains a summary of the specifications for this flexible electrogoniometer as 
described by the manufacturers user’s manual.
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Table 6.3. Specifications of the SG/110A.
Transducer type Strain gauge
Life 600,000 cycles (minimum)
Accuracy ± 2 °
Repeatability ± 1°
Measuring range ± 150°
Crosstalk < 5 % (measured over ± 60°)
Operating temperature range 0 to 40° C
Sensitivity 10pV/° dependant on voltage with which 
the sensor is energised
Number of channels 2
Weight 22 g
Maximum bending ratio 18 mm
The SG/110A operates in conjunction with its corresponding instrumentation (K-100 user 
amd base units) in order to enable calibration of the system, visualization of angular data 
and generation of an analogue signal equivalent to the angular displacement of the sensor 
(figure 6.14). The K-100 user unit is provided with four grey buttons used to reset (i.e. set 
to zero) up to four channels (e.g. two two-axial FEGMs) when pressed together with the 
red lock bottom. The outputs of the user unit are then connected to a base unit, whose 
function is two-fold: visualization of the angular value of the selected channel, and 
amplification and conditioning of the goniometer signals to produce analogue dc outputs 
that can be sampled and digitized in order to be processed by either microcontroller based 
hardware or the personal computer (details about the amplifier and filters implemented in 
these instruments were not provided by the manufacturer).
Figure 6.14. Flexible electrogoniometer and instrumentation used in this project.
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From the product datasheet, a change of 1° corresponds to ±11.11 mV in the offset level of 
the dc output signal. In order to investigate the level of noise affecting these signals, one of 
the outputs was connected to a digital oscilloscope. The volts/div control was adjusted until 
the ripple introduced by the noise over the dc level was clearly visible. Using the 
oscilloscope’s cursors the noise was measured, and the value obtained was 9.60 mV peak 
to peak. It can therefore be concluded that this noise introduces an error in the analogue 
output of less than ±1°.
In this work, the analogue signals corresponding to both channels of the SG/110A were 
sampled at 50 Hz and digitised by the array controller in combination with software 
instructions received from the PC software. The resultant digital words are transmitted to 
the computer via RS-232 for processing, visualization and recording.
6.2.8. Electrical safety
The SEAS prototype developed in this work is considered electrically safe due to the 
following reasons:
• SEAS optically isolates all the circuits directly connected to the patient from the 
internal circuitry of the array electronics. Furthermore, a medical isolation 
transformer was also added between the SEAS and the mains, providing an 
additional safety level.
• The PC used in this work was also connected to the medical isolation transformer.
• The stimulator used in this application is a CE marked device that operates with
batteries.
• Both, the sensor and its respective instrumentation operate with batteries and 
comply with the British Standard BS EN 60601-1-1:2001 (Safety requirements for 
medical electrical systems).
• Electrical hazards due to malfunctioning is minimal since SEAS has been designed
and fabricated following directives from the British Standard BS EN 60601-2-
10:2001 (Particular requirements for the safety of nerve and muscle stimulators).
6.2.9. Assembly of the SEAS prototype unit
All the circuits described above were developed as printed circuit boards, and then housed 
inside a metallic enclosure of dimensions 30 x 30 x 18 mm (except from the intensity 
regulator circuit which was housed in a plastic enclosure of 110 x 660 x 30 mm). Internal
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connections between different PCBs were made using either IDE or ‘D ’ connectors, 
whereas external peripherals and power supply are connected to the system using D 
connectors and plug sockets (1mm, 2mm and 4mm). Figures 6.15 and 6.16 illustrate the 
external and internal views of the SEAS prototype unit.
Figure 6.15. External view of the SEAS hardware: a) Front and b) rear panels.
Figure 6.16. Internal view of the SEAS hardware: a) Array controller and power supply circuits, b) switching, 
intensity and polarity circuits.
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Chapter 7 : Development of the SEAS Software.
The purpose of the software is twofold: a) to provide the researcher with a tool to assist 
and evaluate the process of finding the potential sites for stimulation using virtual 
electrodes created from a high-resolution electrode array; b) to provide the patient with an 
audiovisual interactive environment intended for facilitation of the electrode positioning 
task using a hardware operating interface (i.e. joystick).
The software comprises two main components:
• High-level graphical user interface.
• Low-level array controller program.
The former allows the user (researcher or patient) not only to interact with the array, but 
also to monitor and collect feedback data associated to the effectiveness of the electrode 
positioning task. This high-level application was programmed in a personal computer and 
communicates via serial port (RS-232) with the array controller. The latter runs the 
microcode software (low-level program) to translate the user commands into basic 
hardware actions.
In this section, the low-level software (i.e. array controller software) is introduced first, 
followed by a detailed description of its main routines. The high-level application is then 
discussed emphasising on the main routines and the interactive graphical environment.
7.1. Array controller software
The software of the array controller was programmed in assembly language. It was coded 
using a standard text editor and then compiled using the Microchip PIC assembler tool 
v02.13. The resultant binary code was downloaded to the microcontroller EEPROM 
memory using the programming interface PicStart® Plus. The assembly source code of 
the array controller is contained in the companion compact disk (refer to appendix P).
7.1.1. M ain routine and initialisation sub-routine
Figure 7.1 illustrates the flow diagram of the main sub-routine executed by the 
microcontroller which in turn calls a number of specific ones. The first step performed by 
this sub-routine is to declare and clear the variables necessary for the correct operation of
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the program. These variables are associated with delay routines, serial reception data buffer, 
menu options and auxiliary variables to save the microcontroller registers during the 
execution of the interrupt service routine. After clearing the variables, the initialisation 
routine (Init) initialises the microcontroller ports, the analogue to digital converter, the 
interruption RBO and the serial communication port.
In order to enable correct functioning of the joystick interface, the port B was configured 
so that it is able to interact with the MAX 6818 de-bouncer circuit. When any of the 
joystick switches or push-buttons is activated, the MAX 6818 produces a falling edge 
signal at pin CH. This change is detected by the microcontroller interrupt pin RBO, 
provoking the execution of an interrupt service routine (ISR), which reads the user’s choice 
on request (by sending a falling edge signal to pin EN of the MAX 6818 via RB7). Then, 
the value of the selection appears at the data bus of this integrated circuit whose outputs are 
active low. This value is read by the microcontroller at pins RB1-RB7, which must be 
previously configured as digital pull-up inputs. Thereby, all the necessary reconfiguration 
of the pins contained in port B was made by clearing bits 6 and 7 of the OPTION_REG 
special register. Nevertheless, these steps are not sufficient for enabling the system to read 
joystick commands, since the interrupts are disabled by default. At this point, it is 
necessary to set the ‘global interrupt enable’ flag (bit 7 of register INTCON). Thus, any 
falling edge signal asserted to pin RBO would trigger the interrupt resulting in execution of 
the joystick command. A description of the ISR and its collateral sub-routines is given later 
in this section. In order to avoid hardware conflicts all the remaining possible interrupts 
were masked by clearing the remaining bits of INTCON as well as the special registers 
PIE1 and PIE2.
The next action performed by the initialisation sub-routine is to configure the ADC to work 
in polling mode (no interrupt). For that purpose the special registers associated to this 
device (ADCONO and ADCON1) were masked to configure the ADC as follows:
•  ADC clock speed = oscillator frequency/2.
• Analogue channels = ANO (RAO), AN1 (RA1) and AN3 (RA3).
• Monopolar reference voltage = +5V.
Subsequently, the microcontroller’s serial communications interface (SCI) was configured 
to work on demand (no interrupt) in asynchronous mode. The SCI was enabled to transmit 
and receive 8-bits packets through lines RC6 (TX) and RC7 (RX) respectively. The
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transfer rate was chosen to be 19,200 bauds. After configuration of the serial port, the 
initialisation routine ends (refer to appendix I for its flow diagram).
Before entering in the endless loop for verification of user commands, the main sub-routine 
prepares the MAX 6818 for receiving a joystick input. This action is carried out by setting 
pin EN of this integrated circuit to a high logic level via RB7. Likewise, the intensity 
regulation circuit was reset in order to ensure that the stimulator output is set to its lowest 
possible amplitude before being delivered to the patient.
Finally, the main routine enters in the endless loop wherein user commands emitted by 
either the joystick or the PC (mouse and graphic user interface) are continuously processed. 
The joystick commands generate a hardware interrupt (interrupt RBO) which is served by 
an interrupt service routine, whereas commands arriving from the PC are polled by a 
‘menu’ sub-routine which is cyclically called from the main loop.
Figure 7.1. Flow diagram o f the main sub-routine of the array controller.
7.1.2. Interrupt service routine (ISR)
When the joystick interrupt is triggered (by asserting a falling edge level at pin RBO of the 
microcontroller) the microcontroller PC jumps to the interrupt vector (address 0x04 of the 
program memory) in order to execute the pertinent interrupt service routine. Since the 
execution of the ISR disrupts the sequential execution of the program, it is mandatory to 
stack those registers and variables to be altered within this routine. Since the 16F877 does 
not possess stack operation (i.e. such as PUSH or POP instructions in x86 assembly
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language), the registers are saved in auxiliary variables. Another important consideration is 
that 16F877 only counts with one interrupt vector. Therefore, the software needs to 
determine somehow which one of the interrupts took place. Although only one interrupt is 
used in this application, this action was carried out by polling the INTF flag of the special 
register INTCON. If this bit is set, the following actions take place: a) first the program 
jumps to the pertinent interrupt service code; b) second, the interrupt RBO is disabled until 
the bit INTF is cleared again. The latter should therefore be performed to enable servicing 
of new incoming interrupts RBO. The next task to be performed by the ISR is to poll the 
MAX 6818, in order to investigate which command was the last sent by the joystick. This 
is done by asserting a falling edge signal to pin EN of the de-bouncer chip (clearing RB7). 
When this action takes place, the MAX 6818 clears only one of the pins RB1-RB6 
associated to the emitted command. Then, the ISR tests these digital entries and calls the 
pertinent sub-routine. These collateral sub-routines perform the same action: transmit a 
specific instruction (hexadecimal code) to the PC application via RS-232, which resolves 
the binary word for the next electrode position (see joystick translation function in section 
7.2.3). The set of instructions sent by these collateral sub-routines are listed in table 7.1.
Table 7.1. Joystick commands sent by the ISR to the PC application via RS-232.
INSTRUCTION
(Hex)
ACTION
0x07 Instructs the PC application to shift the VE one step to the left
0x08 Instructs the PC application to shift the VE one step to the right
0x09 Instructs the PC application to shift the VE one step down
0x0a Instructs the PC application to shift the VE one step up
0x0b Instructs the PC application to return the VE to its initial 
position
0x0c Instructs the PC application to turn stimulation either on or off
Once a collateral routine has been performed, the ISR terminates its tasks by restoring the 
register with the values they had prior to the interruption. Finally, the program counter 
exits from the ISR by jumping to the pending instruction to be performed in the main loop. 
Figure 7.2 illustrates the ISR flowchart.
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Figure 7.2. Interrupt service routine flowchart.
7.1.3. Menu sub-routine
Commands (byte codes) arriving from the computer are processed within the main loop by 
the menu sub-routine (see appendix I for flowchart). This sub-routine continuously 
monitors the serial port to check if a new command has arrived. If the latter occurs, the 
command is loaded in the accumulator register and then polled. Once the command is 
identified, the corresponding collateral sub-routine is invoked. Table 7.2 presents a list of 
the commands in hexadecimal format, together with their associated collateral sub-routines 
and a brief explanation of the tasks that they perform. Note that all these subroutines 
execute hardware actions only.
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Table 7.2. List of commands requested by the PC application and subroutines.
COMMAND
(Hex)
SUB-ROUTINE ACTION
0x01 ConfElectrodel Sends to the optical de­
multiplexer the size, shape and 
current position of the virtual 
electrode.
0x02 ADCRoutineO Converts to digital the sensor 
signal conveying information 
about the foot position in the 
sagittal plane.
0x03 ADCRoutinel Converts to digital the sensor 
signal conveying information 
about the foot position in the 
frontal plane.
0x04 ADCRoutine3 Converts to digital the measured 
values of current delivered by the 
stimulator
0x05 StimOn Switches stimulation ON by 
setting RC5
0x06 StimOff Switches stimulation OFF by 
clearing RC5
0x07 PolarNormal Set the stimulation polarity to 
normal by clearing RA5
0x08 PolarReversed Reverses the stimulation polarity 
by setting RA5
0x09 Anode1 Select return electrode 1 by 
assigning 0x01 to the port E data 
register (RE0=1, RE 1-0).
0x0a Anode2 Select return electrode 2 by 
assigning 0x02 to the port E data 
register (RE0=0,RE1=1)
0x0b BothAnodes Select both return electrodes by 
assigning 0x03 to the port E data 
register (RE0=RE1=1)
0x0c Declntensity Decrements the stimulation 
intensity (explained later in this 
chapter)
OxOd Inclntensity Increments the stimulation 
intensity (explained later in this 
chapter)
7.1.4. Electrode configuration subroutine
Prior to the description of this subroutine is necessary to describe how user’s commands 
associated with creation and steering of virtual electrodes can be generated and then 
processed by the system (figure 7.3). The virtual electrode is created by the PC operator by 
clicking one of the preconfigured VE shapes. Then, the VE can be shifted to any direction
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using either the joystick or the mouse. In the former case the array controller (by means of 
the ISR) sends a hexadecimal instruction via RS-232, which tells the computer to update 
the binary words related to the rows and columns forming the current VE. When the latter 
is the case, mouse click events occurring over the cursor objects situated on the screen will 
invoke the updating process (see VE positioning functions in section 7.2.3).
Creating or shifting 
VE
(click event)
Array
Figure 7.3. Generation and processing of user’s commands for creating and steering VEs.
Once these words are updated, the PC again requests the attention of the array controller 
and waits for the latter to send an acknowledge code (hex 0x00) indicating that it is ready 
to receive the least significant byte (LSB) of the row’s word. This action is performed by 
the electrode configuration subroutine (figure 7.4), whose main function is to translate 
these words into the TTL voltage signals responsible for activation of the rows and 
columns on the SSR boards associated with the current VE type and position in the array. 
Having received and stored the LSB part of the row, the routine set to high impedance the 
outputs of all the latches (by setting RC4). Then, the first latch is unlocked (by setting RCO) 
to let the internal flip-flops replace their previous state by the part of the word which has 
been already transferred to the data bus (port D of the microcontroller). At this point, the 
array controller sends a second acknowledge signal to the computer, which is waiting to 
release the most significant nibble (MSN) of the row word. Then, a similar procedure to 
that described before takes place; the second latch is unlocked (by setting RC1) allowing 
the upper part of the binary word to pass to the outputs of the flip-flops. After a third and 
fourth acknowledge, the computer sends the LSB and MSN parts of the column’s word to 
the array controller, which passes them to the flip-flop outputs of the third and fourth 
latches (by setting RC2 and RC3 respectively). Finally, the outputs of the latches are
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enabled (by clearing RC4) to allow the row and column TTL levels to pass to the optical 
de-multiplexer, enabling the pads of the array involved related to the VE and its new 
position.
Figure 7.4. Electrode configuration subroutine.
7.1.5. ADC subroutines
These three subroutines are responsible for converting to digital format the sensor and 
current signals continuously arriving at the analogue inputs. Since these routines are almost 
identical, figure 7.5 presents a generic diagram used to explain their working principle. The 
first task performed by the ADC routines is to select the ADC channel to be converted. 
This is achieved by means of bit-level operations on three of the bits of the special register 
ADCONO (see table 7.3).
Table 7.3. ADCONO bits configuration for ADC channel selection.
CHANNEL ADCONO[5] ADCONO[4] ADCONO[3]
ANO 0 0 0
AN1 0 0 1
AN3 0 1 1
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Once the channel is selected the subroutine starts the conversion by setting bit 2 of the 
special register ADCONO. At this point, the program enters in a loop which lasts for few 
microseconds until the conversion is done. The 10-bits word resulting from the conversion 
is divided into two parts which are stored in two ADC dedicated registers as follows: the 
lower byte is loaded to ADRESL, whereas the two most significant bits are loaded to 
ADRESH. The next step of the ADC routine is to transmit via RS-232 the content of these 
two registers on request of the PC software. The higher byte is used not only to transport 
the two most significant bits of the conversion, but also to carry an information code that 
tells the PC which one of the channels was the analogue source of the converted value. 
This operation is earned out by adding the channel identification code (i.e. 0x04 for ANO, 
0x08 for AN1 and 0x10 for AN3) related to the current channel (see table 7.4) to the higher 
byte.
Figure 7.5. Flow diagram  of the ADC subroutines.
7.1.6. Intensity regulation subroutines
The purpose of these subroutines is to control the intensity regulation circuit in order to 
adjust the level of intensity during the application of electrical stimulation. This group of 
subroutines is formed by three different pieces of code which act over the control inputs of 
the DS-1804 in order to increase, decrease or reset the potentiometer to its minimum value. 
The two subroutines (Inclntensity and Declntensity) operate as follows:
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• First, a logic level is asserted to the pin U/-1D in order to configure the direction of 
the counter (i.e. up or down).
• Second, the subroutines send falling-edge logic signals to the pin ->INC until the 
intended number of intensity steps is reached. A generic flowchart for both 
subroutines is shown in figure 7.6.
A further subroutine is responsible for automatic decreasing the intensity to its minimum 
when the system is restarted. The PotReset subroutine simply resets the internal counter of 
the DS-1804 by calling the Declntensity Subroutine 100 times.
Figure 7.6. Flowchart o f the intensity regulation sub-routines.
7.1.7. Serial communications subroutines
These subroutines are responsible for transmission and reception of data between the array 
controller and the PC. Once the SCI is configured (as described above in the initialisation 
subroutine), the transmission of data from the array controller to the computer is activated 
by setting the bit TXEN contained in the special register TXSTA of the 16F877. Thereby, 
the transmission automatically starts any time the TXREG transmission buffer is loaded 
with a new byte, which in turn is passed to the transmitting shift register of the internal 
circuitry of the SCI.
The reception subroutine monitors the arrival of new bytes to the array controller. This 
operation is carried out by testing the bit RCIF of the special register PIR1 - i.e. the 
program cycles within a loop whilst this bit remains clear. Once the new byte arrives to the 
internal buffer of the SCI this bit is automatically set, breaking the loop and enabling
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storage of the new byte in a data memory variable (RXBUFFER). Figure 7.7 illustrates the 
flowcharts for the serial communications subroutines.
SERIAL PORT 
TRANSMISSION 
SUB-ROUTINE
SERIAL PORT 
RECEPTION 
SUB-ROUTINE
Figure 7.7. Serial com munications subroutines flowcharts.
7.2. PC software
The PC software provides a graphic interface which enables the users not only to interact 
with the electrode array, but also to monitor data associated with stimulated limb responses 
to electrical stimulation. This section presents a detailed description of all the tasks that can 
be performed by researchers and patients using the software, followed by a technical 
overview of the main subroutines involved in such tasks and their interaction with the array 
controller. The main source code of the PC software is contained in the companion CD 
(see appendix P).
7.2.1. Technical overview
The PC software application was developed using Builder C++ version 5.0 (Borland Code 
Gear Corp, California, USA). This computer language combines the practicality of an 
object oriented high-level programming environment with other powerful features such as 
multithreading, low-level abstraction capabilities and Windows® Application 
Programming Interface (API) support. Builder C++ contains a robust palette of objects 
whose properties can be easily configured within the integrated development environment 
by means of object inspector boxes. Such predefined objects are part of a vast Visual 
Component Library (VCL), which also permits the programmer or third part companies to 
create and add their own objects (i.e. components) as part of the palette.
Figure 7.8 illustrates the front-end of the PC software intended for researcher operation. 
There are two different types of objects visible in this window. The first type (data objects) 
is formed by all the visual indicators providing feedback information to the users. The
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second type (interactive objects) is formed by a series of buttons and menu options, which 
enable the user to interact with the system just by clicking on them. As shown in figure 7.8, 
nine different boxes were created to cluster both type of objects in accordance to their 
function. All these objects are visible when the application is running. Table 7.4 presents a 
description of each one of the boxes and the visible components forming part of them.
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Figure 7.8. Front-end panel (researcher interface) when the application is running. (1) VE display matrix; (2) 
VE shape selection box; (3) Researcher controller panel; (4) Operation mode selection box; (5) Electrode XY 
coordinates box; (6) Angular response display boxes; (7) current and elapsed time box; (8) V ideo/picture box; 
and (9) Patient record box.
A third type of objects is formed by the control objects that are invisible when the 
application is running. However, these objects run in the background. Some of them play 
an important role in real-time data acquisition, whereas others are related to sensor 
calibration and control of the automatic algorithms and their executing framework. Figure 
7.9 portrays these objects grouped in four categories, followed by a briefly description 
given in table 7.5.
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Table 7.4. Description of the object boxes contained in the front-end panel (as numbered in figure 7.8).
No Box Objects Description
l VE display matrix. 120 square shapes. 
1 rounded shape.
Visualizes the VE shape, size and position 
currently in use. The square shapes change 
their colour from  white to blue and vice 
versa as soon as a VE is created or moved 
to a new position. The labels are indicators 
for each com er o f the physical array 
viewed from the top. In addition, the green 
circle indicates the position corresponding 
to the top-left corner
2 VE shape selection 
box.
8 radio buttons. Selects one o f the V E shapes to be 
electronically created in the physical array
3 Researcher controller 
panel.
6 arrow buttons. 
8 push buttons.
6 leds.
1 level indicator.
Allows the user to control the position o f 
the electrode as well as the stimulation 
output and its intensity, the polarity o f the 
stimulation, ramping activation, and 
selection of the return electrode. A record 
button was also provided to store the 
collected data in a text file for off-line 
analysis.
4 Operation mode 
selection box
5 radio buttons 
2 push buttons
Enables switching from  the user front-end 
to either the patient interactive interface or 
any of the algorithms. The push-buttons 
are used for configuration and initiation of 
the AutoScan algorithm as explained later 
in this chapter. A t the time of writing only 
the AutoScan option was implemented.
5 Electrode XY 
coordinates box
5 labels. Displays the Cartesian coordinates o f the 
VE position.
6 Angular response 
display boxes
2 angular meters. 
2 digital displays.
Display real-tim e values o f angular 
position of the foot in the sagittal and 
frontal planes during the application of 
electrical stimulation.
7 Current and Elapsed 
time box
3 digital displays. 
1 level indicator.
Display real-time values of current 
intensity during the application o f the 
stimulus, and shows stimulation on/off 
times when the system tests the V E 
position in automatic fashion.
8 Video/picture Box 1 video display box.
1 Image display box.
2 push buttons.
1 led.
Display real-time video and frozen images 
(snapshots) o f foot angular position.
9 Patient record box 5 labels.
5 edit boxes
Shows information relevant to the patient 
history and num ber o f recordings taken.
10 Menu bar 4  menu items The menu bar provides the user with a 
number of options. A t present, only the 
‘patient’, ‘Algorithm Setup’ and ‘VSES 
options’ choices are available. The first 
one pops out a window for introducing the 
personal data showed in the patient record 
box, and assigns the patient an ID code 
which is used to classify the data recorded 
in text files. The second and third options 
pop out windows to allow the user to 
configure the manual operation of the 
system and the automatic scanning 
algorithm respectively (see section 7.2.3).
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Figure 7.9. Front-end panel o f the PC software in Builder C++ programming and debugging mode. Groups 
A,B,C and D correspond to the background objects.
Table 7.5. List of invisible run-time objects contained in the front-end panel.
Group Objects Description
A 1 seria l co m m u n ica tio n s ob ject. 
4  tim ers.
3 S cope ob jects .
T he co m m u n ica tio n s o b jec t en ab le s  co n fig u ra tio n  
o f  the PC  seria l po rt and  p ro v id es the m ethods 
(in stru c tio n s) necessary  fo r d a ta  transm ission  
b e tw een  the  PC  and the  array  con tro lle r.
T h ese  tim ers  execu te  step  by step  the senso r 
ca lib ra tio n  subrou tine .
T h e  scope o b jects  p ro v id e  so ftw are  ch an n els  fo r 
co n tro llin g  the acqu isition , v isua liza tion  and  da ta  
reco rd ing .
B 3 tim ers. O ne o f  these  tim ers is u sed  as the  ex ecu tion  
fram ew o rk  o f  the jo y s tic k  tran sla tio n  function , 
w h ereas the rem ain in g  tw o  p ro v id e  the p la tfo rm  
fo r the  ex ecu tion  o f  au tom atic  a lg o rith m s and 
stim u la tion  ram p ing  up  feature .
C 2 tim ers. O ne o f  these  tim ers is used  fo r in te rru p tin g  the 
stim u la tion  o u tpu t du rin g  resting  p erio d s w hen 
ex ecu tin g  au tom atic  a lgo rithm s. T h e  o th er 
p ro v id es  the ex ecu tion  fram e fo r the  ram p ing  
do w n  fea tu re
D 3 v ideo  cap tu re  ob jects . C ap tu re  rea l-tim e v id eo  stream  and  pho to g rap h  
fea tu res  using  a w ebcam .
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7.2.2. Multithreading
Some of the algorithms associated with the front-end panel need to be executed almost 
simultaneously with others, allowing the users to interact with the system at the same time 
when the computer is either monitoring data or running an automatic algorithm. In other 
words, the PC software demands multitasking operation when the system is either 
performing monitoring tasks or during automatic scanning of the electrode positioning. In 
order to enable multitasking capabilities, the PC software was therefore developed using 
multithreading programming techniques. Multithreading applications in Microsoft 
Windows XP are implemented as processes formed by several units of code (so-called 
threads) which can be independently executed in ‘quasi-simultaneous’ manner by the 
operating system process manager. However, special care must be taken when developing 
multithreaded applications sharing either peripheral devices or data. In this work, the 
threads share the serial port registers of the PC, and therefore, it was compulsory to 
synchronize their access to this resource using a mechanism provided by the operating 
system known as critical sections. Some basic concepts related to this technique together 
with an explanation of how it was implemented in this work are given in appendix J.
7.2.3. Organization of the PC software (task-related subroutines)
The PC software was developed to enable execution of the following tasks:
1. Creation and steering of virtual electrodes of different size and shapes.
2. Selection of return electrodes.
3. Adjustment of stimulation intensity.
4. Ramping times setup.
5. Selection of stimulation polarity.
6. Visualization of the current electrode and its position within the array.
7. Data recording and monitoring of the foot angular response and current level at 
different electrode positions.
8. Automatic sequential automatic algorithm for the evaluation of the foot response to 
electrical stimulation while scanning the electrodes at all possible different 
positions using different virtual electrodes.
9. Selection of ON/OFF ratio and maximum intensity to be used when running the 
sequential automatic algorithm.
10. Sensor calibration.
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11. Audiovisual feedback to aid electrode positioning when using the joystick interface.
The user instructs the system to execute subroutines to perform any of these tasks by 
simply clicking on objects. Such subroutines were classified in three main groups:
• Array functions.
• Data acquisition functions.
• Automatic algorithm.
A rray  functions
The array functions are those subprograms allowing the user to interact with the array and 
the stimulator by pressing buttons on the screen (figure 7.10). These subroutines were 
classified into two subgroups:
• VE selection and positioning functions.
• Stimulation control functions.
VE positioning 
arrow buttons
Stimulation 
intensity 
regulation 
arrow buttons
q Electrode Array B
•  Cdio CoBCoeCoPCoeCoBCcKCoOCcCCon 
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Operation 
mode 
radio buttons
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Stimulation and data 
acquisition control 
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Figure 7.10. Objects for controlling and visualizing VE position and selection of stimulation parameters, data 
monitoring and recording.
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VE selection and positioning functions
Figure 7.11 presents the flow diagram of the generic code executed when any of the VEs 
radiobuttons are selected. First, the function ConfElectrode (figure 7.11b) is invoked. It 
receives as input parameters the least and most significant bytes of the row and column 
words to be sent to the array controller. These values are stored in one-byte sized variables 
(unsigned short integer) forming part of two predefined structures (ANSI C struct type). 
The rationale for using such variables is that they are compatible in size not only with the 
PC serial port buffers, but also with the microcontroller’s serial communications and data 
registers. Two integer variables (one per structure) were also defined and used in 
combination with arithmetical bit operations, in order to construct complete versions of the 
row and column words by fusing their most and least significant bytes. This operation was 
carried out to ease programming of the electrode position and the steering functions. Table 
7.6 lists the characteristics of the three VEs tested on this project as well as the initial 
values assigned to the aforementioned variables in each case.
Table 7.6.VEs tested during experiments and their associated binary words.
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Finally, the function ConfElectrode completes its execution by returning the control to the 
invoking subroutine (figure 7.1 la).
On return, the code creates matrices used for the visual representation of the VE and 
repositioning on the screen. First, a 12 x 10 matrix of square shape pads is created and
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initialised to represent the array on the screen. The selected VE then appears on the screen 
as a cluster of adjacent blue pads. This is achieved by setting to ‘blue’ the property colour 
of the involved objects.
It is important that the steering functions are within the limits of the virtual electrode 
within the array and on the screen. This is done by assigning boundary values associated to 
each direction to their pertinent sentinel variable (i.e. TopUp, TopDown, TopLeft, 
TopRight). Subsequently, the initial x-y coordinates of the virtual electrodes on the screen 
are stored in two integer variables (i.e. LeftRight and UpDown respectively) whose values 
are updated when moving the electrode from one position to the other. Likewise, four VE 
shift counters (i.e. up, down, left and right) are created and initialised to zero. Another 
variable initialised within this code is the VE identification number. The latter is used 
together with other information to classify the recorded data files.
The subprogram then invokes the function responsible for transmission of the row and 
column words to the array controller. As shown in figure 7.1 lc, the function TransmitConf 
begins by requesting access to the critical section, before executing any instruction 
involved with the serial communications port. If the access to the critical section is granted, 
the subprogram sends via RS-232 a hexadecimal command (0x01) in order to request to 
the array controller execution of the electrode configuration routine (see section 7.1.4). 
Thereafter, the subprogram loops waiting for the first acknowledge signal. When it arrives, 
the LSB of the row word is transmitted from the PC to the array controller, and then the 
subprogram loops again until a second acknowledge is received. Subsequently, the MSB of 
the row word is sent to the array controller. The same procedure is performed once again 
by the subprogram in order to send the LSB and MSB parts of the column words 
immediately after receiving third and fourth acknowledge commands from the array 
controller. Finally, the function leaves the critical section, releasing the serial port prior to 
returning to the memory address from which it was called. Note that when the critical 
section is being accessed by another thread, the operating system temporarily suspends its 
execution by sending it to the queue of blocked threads. Once the thread is assigned with a 
microprocessor’s time slice (i.e. passes to execution state), it will request the critical 
section.
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a) C re a te _V E  function c ) T ra n s m itC o n f function
b) C o n fE le ctro d e  function
Begin
Row .lsb=(unsigned short int)Row _lsb; 
Row .m sb=(unsigned short int)Row _m sb;
Row .com plete=R ow .m sb «  8  
R ow .com plete=R ow .com plete+R ow .lsb  
C olum n.com plete=C olum n.m sb « 8  
C olum n.com plete=C olum n.com plete+Colum n.lsb
X
C Return to A  C re a te_ V E  J
Figure 7.11. Flow diagrams of the Create_VE (a), ConfElectrode (b) and Transm itConf (c) functions.
Once the VE is created, it can be shifted step by step in any direction using the joystick or 
the PC mouse. Four subroutines, one for each possible VE movement (up, down, left and 
right), were developed and linked to the positioning arrow buttons showed in figure 7.10.
In order to keep a record of the VE position, each subroutine updates the value of shift 
counters and x-y coordinates variables each time the VE is shifted. In addition, each 
routine checks if its associated counter has exceeded the boundary assigned during creation 
of the VE. If this is the case, the routine emits an audiovisual alarm (plays a recorded voice 
message and lights a led) and exits without moving the VE. Figure 7.12 illustrates the flow
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diagram corresponding to the subroutine responsible for shifting the electrode up (refer to 
appendix I for the flowcharts of the subroutines responsible for shifting the VE down, right 
and left).
Figure 7.12. Flow diagram  of the subroutine intended for shifting the electrode up.
An important aspect to be considered at this point is the interaction of the joystick with the 
VE positioning subroutines. Unlike the mouse, this device does not have direct access to 
the buttons on the screen. Therefore, it is necessary to force execution of the VE 
positioning and stimulation functions either when the joystick lever is tilted or when its 
buttons are pressed. In other words, any of the screen buttons associated with either VE 
motion or stimulation switching are pressed by software when the joystick interface emits 
a command to the PC software through the serial port.
Figure 7.13 illustrates the flow diagram of the joystick translation function. The execution 
of this program starts when the user selects the patient mode (see operation mode box in 
figures 7.8 and 7.10). On selection of this option, a threaded timer object is activated 
(VrTimer5) to run every 100 ms. Runtime trials demonstrated that this interval was 
appropriate for detection, transmission, processing and execution of the joystick commands.
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Figure 7.13. Flow diagram of the joystick translation function.
Stimulation control functions
The second group of interactive functions includes those involved with stimulation 
parameters such as stimulator output control, intensity regulation, ramping, polarity, and 
return electrode selection. An explanation of the general working principle of each of these 
subprograms is given in the following paragraphs.
Figure 7.14 presents the flow diagram of the stimulation ON/OFF function. On pressing 
the stimulation button, code is executed to allow or restrict the pass of the stimulation 
output to the array. The routine first verifies the access to the critical section. When the 
access is granted, the subprogram checks a flag to determine the previous stimulation 
status. If stimulation was OFF, the program lights the button’s LED, sets the flag and 
changes the caption of the button to ‘stimulation ON’. Next, the software emits the 
command (0x05) to the serial port, in order to instruct the microcontroller to pass the
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stimulator output to the array (if the stimulator has been previously switched ON by the 
user). Since the output of the stimulator is always at minimum before being delivered to 
the subject, the software also checks if the auto ramping feature is active when the joystick 
or the mouse is used when accesing the array through the researcher interface. If so, the 
program assigns a preset value to the ramp up timer, i.e. VrTimer6 contained in group B 
(see figure 7.9 and table 7.5), and starts its count and the ramping up process (further 
explained below). Otherwise, the subroutine releases the critical section and terminates, 
leaving the user with the task of adjusting the intensity by clicking on the intensity 
regulation arrow buttons.
When the stimulation button is pressed and the stimulation status is ON; the flag is cleared, 
the button LED is turned off and the caption of the button (or stim label if patient interface 
is used) is changed to OFF. Next, the command (0x06) is written to the serial port to 
interrupt the pass of the stimulator output to the array. If the auto ramping feature is ON, 
the variable maxint is set to 1. This action disables VrTimer6 and enables the ramp down 
timer, i.e. VrTimer8 contained in group B (see figure 7.9 and table 7.5), which smoothly 
decreases the stimulation intensity. Once the intensity is ramped to minimum and the 
stimulator output is restricted, the subprogram releases the critical section and completes 
its execution.
Stimulation intensity can be increased or decreased step by step pressing the arrow buttons 
shown in figure 7.10. When any of these buttons is pressed the computer writes a 
hexadecimal command (i.e. OxOd for increasing and 0x0c for decreasing) on the serial port 
to request the execution of the pertinent subroutine in the array controller (see table 7.2). 
The same action takes place on pressing either the polarity or the return electrode selection 
button.
On pressing the auto ramping button the ramping feature is enabled. Thereby, stimulation 
can be ramped from minimum to a preset value and vice versa when stimulation is either 
manually switched (using the joystick or the mouse) or automatically through the scanning 
algorithm (explained later in this chapter). As mentioned above, the code associated to 
these routines is executed by timers VrTimer6 and VrTimer8, ramping the stimulation up 
and down in steps separated by preconfigured time intervals (refer to appendix I for 
flowcharts of these timers and linked subroutines). When operating the system manually, 
these intervals and the maximum threshold of stimulation are defined by the user in the 
manual operation setup window (figure 7.15), which can be accessed through the menu bar
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of the main form (VSES options -> Manual Operation Setup) (figure 7.8). Otherwise, these 
parameters are defined in the Algorithms configuration window explained later in this 
chapter. Finally, the stimulation can also be ramped down any time by clicking on the 
‘Intensity reset’ button in the graphical user interface (figure 7.10).
Figure 7.14. Flow diagram of the code executed when the stimulation ON/OFF button is pressed.
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Figure 7.15. Manual operation configuration window.
D ata  acqu isition  functions
These functions are responsible for controlling real time monitoring and collection of data 
relevant to the ankle-foot angular responses to stimulation and the intensity at which such 
responses are attained.
Prior to collection of ankle-foot angular data, the flexible electrogoniometer must be 
calibrated. As mentioned in section 6.2.7, this procedure is carried out externally using the 
goniometer instrumentation. It results in the definition of a ‘calibration zero’ which is set 
with the sensor end-blocks aligned in a reference position (details of the calibration method 
followed during the experiments are given in chapter 8). The value of this ‘calibration 
zero’ is a voltage digitised by the array controller and then acquired by the computer when 
the ‘Calibrate’ button is pressed (figure 7.10). This event turns on the calibration LED 
situated on the screen and then initiates the sequential activation of four timers (group A in 
figure 7.9), whose interval properties were set to 20 ms in order to allow data acquisition at 
a sampling frequency of 50 Hz. The threaded properties of these timers were set to ‘false’ 
since no other process must interrupt their sequential execution. The first two timers 
(VrTimerl and VrTimer2) collect 250 digital samples of voltage from both sensor axes 
(sagittal and frontal plane respectively). These samples are summed and then averaged. At 
completion of the VrTimer2 subprogram, a message box immediately appears on the 
screen indicating that the patient must be seated and ready to start data collection before 
continuing (figure 7.16). Once the latter is confirmed (by pressing the OK button in the
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message box), the subprogram initiates recording of the ankle-foot initial position by 
activating the remaining two timers in sequence (VrTimer3 first and then VrTimer4, 5 s 
each). These sensor initial values are calculated by subtracting the average of the 
calibration zero voltages from the average of the recorded voltages associated with the 
ankle-foot initial position. The resultant quantities are converted into angles using stated 
calibration coefficients from the manufacturer. At completion of VrTimer4 routine, the 
calibration LED on the screen is turned off.
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Figure 7.16. Application message box that reminds the researcher to ensure that the patient is ready for data 
collection.
Once the sensor is calibrated the system is ready for monitoring and data collection. Three 
threaded scope objects (VrScopel, VrScope2 and VrScope3) were used for acquisition of 
ankle dorsiflexion, foot eversion and stimulation current values. The sampling frequency 
was chosen to be 50 Hz per channel, by setting the activation interval of each scope to 20 
ms. Real-time data collection is started by the sequential activation of these objects when 
pressing the ‘Monitoring’ button situated in the researcher controller panel (see figures 7.8 
and 7.10). The general operation principle of the routines for angular data acquisition is 
identical for both planes (figure 7.17). First, the software requests the array controller to 
perform the ADC conversion and transmit the digital result to the computer via RS-232. 
This action is performed by calling the Channel subroutine. A hexadecimal command is 
passed to the latter in order to indicate to the hardware which one of the analogue inputs
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must be converted. This subprogram reads the least and most significant bytes of the 
resultant conversion from the serial port and then combines these into a 16 bit word, which 
is stored in a global variable (adc_complete). Finally, this subroutine terminates its 
execution by leaving the critical section. Next, the software transforms the result of the 
ADC conversion into its analogue counterpart, and uses it to calculate the angle. The 
resultant angle is displayed in both the angular meter and the three-digit display. When 
stimulation is ON not only the angular value, but also the VE position and the stimulation 
parameters associated with each angle (i.e. stimulation steps, intensity, selected return 
electrode and polarity) are stored in different buffers that are placed into a text file when 
the ‘Record’ button is pressed.
A ngle  acqu is ition  subprogram
(  Beg ln )
request ADC conversion 
(call channel function)
V oltage=(5*adc_com plete)/1024  
Angle=(Voltage - calibration zero)*90  
Update angular meter 
display value in the three-digits display
AngleBuffer[i]=Angle 
XBuffer[i]=leftright 
YBuffer=updown  
StepBuffer[i]=stim steps 
PolBuffer= polarity 
RetElecBuffer=ReturnElectrode
•f Return f
C hannel function
f  Beg i"  )
No
Read the Isb part of the 
ADC result
Read the msb part of the 
ADC result
adc_com plete=(adc_m sb«8)+adc_lsb
Le ave  C ritica l S ection
( Return f
Figure 7.17. Generic flow diagram of the angular data acquisition subprograms.
Finally, the subprogram for acquisition of current intensity is also similar to those for 
acquisition of angular data. The main difference can be viewed in the formula used for 
calculation of the current intensity in mA from the analogue voltage value:
Current = (Voltage/(op-amp gain * 10))* 1000 Equation 7-1
where op-amp gain = 2
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A u to m a tic  a lgorith m
In order to make the experiments more convenient and shorter in duration, an automatic 
algorithm was developed to test all the possible VE positions. The algorithm execution is 
selected by clicking on the ‘AutoScan’ option contained the in the ‘Operation Mode 
Selection Box’ (see figures 7.8 and 7.10).
The execution of this automated testing procedure involves the reciprocal contribution of 
four main functions: one for automatically scanning the VE through each column of the 
array (AutoScan); and three timers - two ramping the stimulus up and then down when 
testing each VE position (VrTimer6 and VrTimer 8 respectively); another to control the 
stimulation delivery between resting and stimulation periods (VrTimer7); and one more 
(VrTimer9) to re-establish the stimulation output and controls after the resting period. 
These functions force the execution of the subroutines responsible for manual VE shifting 
and stimulation intensity regulation (discussed ealier in this chapter). Bearing in mind 
these aspects, the working principle of the Automatic algorithm can be summarised in 
simple terms as follows:
On pressing the ‘Start’ button situated below the operation mode radiobuttons (see figure 
7.10), initiates a sequential VE testing from an initial position at the top corner of the array 
closest to the head of the fibula. The VE is shifted down step by step until a complete 
column is scanned. Then, the VE is moved to the top position of the following column and 
repeats the same process. This action takes place until the last possible VE is tested. Figure 
7.18 illustrates the flowchart of the AutoScan function.
When testing each VE position the algorithm ramps the stimulation up step by step from 
minimum to a predefined threshold. When the threshold is reached, the stimulation is 
maintained for a preset period of time. Next, the stimulation is ramped down and a resting 
period (in seconds) is allowed before testing the following VE position. Ankle-foot angular 
position and current intensity data is simultaneously collected and displayed by the system 
in real-time for each VE position. If the ‘Record’ button is pressed, the data is passed onto 
a text file once the algorithm has completed its execution.
As shown in figure 7.19, the time intervals for ramping the stimulation, duration of the 
stimulation at threshold (in seconds), the resting periods (in seconds), the maximum 
intensity threshold (in steps), and the leg (i.e. left or right) over which the electrode array 
was placed can be configured in the ‘Algorithms configuration’ window that can be
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selected by the user when clicking on ‘Algorithms setup’ option of the menu bar contained 
in the main form (Algorithms setup > Algorithms configuration) (figure 7.8).
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Figure 7.18. Flow chart of AutoScan algorithm
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Figure 7.19. Algorithms configuration window 
P a tien t m ultim edia  in terface
Figure 7.20 presents the main screen of the multimedia interface developed for assisting 
the patient when performing the electrode positioning task using the joystick. This 
interface appears on the PC screen immediately after clicking the option ‘Patient’ in the 
‘Operation Mode Selection Box’ of the main window (see figures 7.8 and 7.10)
When the joystick lever is tilted to any direction, the VE position is updated on the screen. 
Voice messages are played either when the stimulation is switched ON/OFF or when an 
attempt to shift the electrodes beyond the array limits occurs. The user can instruct the 
software to present a right or left leg on the screen depending on the patient’s affected side 
(by default the right leg is presented). This is done by clicking on one of the options 
presented by the ‘Affected leg’ radio button panel contained in the same window used for 
configuration of the automatic algorithm (figure 7.19).
The design of this audiovisual interface was not only based on the ideas of the author of 
this project, but also on the opinions of two FES practitioners.
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Figure 7.20. Patient graphical interface for right leg.
7.3. Summary
The design and development of the prototype for the operation of the Surrey Electrode 
Array was discussed in this chapter. The system was designed for the evaluation of ankle- 
foot angular response to electrical stimulation when testing VEs of various sizes at 
different positions. A user interface is presented to the researcher to operate the system 
manually using either the computer mouse or the joystick. In addition, the system can also 
be configured to execute an automatic algorithm which carries out data collection while 
testing a VE at different positions. Parameters such as ramping times, stimulation threshold 
and ON/OFF periods can be configured by the user for both manual and automatic system 
performance. Furthermore, an audiovisual software interface was created to assist patients 
to operate the array when using the joystick. The system together with all its peripheral 
accessories is presented in figure 7.21.
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Figure 7.21. Surrey Electrode Array System (SEAS).
The hardware was developed using solid state relays not only to provide an easy mean of 
switching the pads of the array, but also to provide electrical isolation of the patient from 
the mains. This together with other safety considerations (such as the use of a medical 
isolation transformer, the choice of a battery powered stimulator and sensors and automatic 
reset of the stimulation intensity) were made in compliance with the British Standard EN 
60601-2-10:2001 (Particular requirements for the safety of nerve and muscle stimulators).
This prototype was fabricated to conduct experimental trials for testing the array concept 
proposed in this work. If the concept proves to be feasible, future directions will focus on 
addressing the existing issues, leading to the development of a portable version of the 
device. The next chapter presents preliminary trials of this system in normal individuals, in 
order to evaluate the stimulation response to different VE positions and sizes using the 
Surrey Electrode Array, and to refine the system prior to trials with patients.
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Chapter 8 : Evaluation of SEAS with healthy volunteers
This chapter presents a pilot study conducted with a group of healthy volunteers in order to 
determine the feasibility of obtaining ankle-foot functional responses (FRs) to electrical 
stimulation of the peroneal nerve when implementing different electrode configurations 
using the Surrey Electrode Array System.
Experiments with healthy subjects were undertaken as it is possible to produce electrically 
induced movements that are not affected by factors usually present in individuals with drop 
foot, e.g. calf spasticity and muscle fatigue. Thereby, it was possible not only to evaluate 
the aspects mentioned above, but also to inspect the system performance in order to 
identify possible deficiencies and then propose future modifications of the array or its 
associated hardware and software if necessary.
Angular data were collected from the volunteers using a flexible electrogoniometer 
SG/110A (chapter six) placed between the lower shank and the lateral aspect of the foot. 
The collected datasets were processed and plotted offline using a number of software 
utilities developed as part of this project. The functionality of the responses was 
determined by one of these programs; configured to apply a criterion derived from normal 
gait data, the existing clinical approach for the evaluation of the electrode position and the 
opinion of different FES practitioners. Furthermore, other parts of the software facilitated 
the evaluation of the repeatability of functional and non-functional responses between two 
different sessions separated by two weeks. Other aspects such as the characteristics and the 
distribution of the FRs were also analysed, to give a better understanding of the working 
principles and limitations of this approach.
8.1. Ethical proposal
Ethical approval for the experiments was sought, and then granted by the University of 
Surrey and the Royal Surrey County Hospital Ethical Committees respectively (see 
appendix K for approval letters). The approval was granted not only to perform 
experiments with normal subjects in the Gait Laboratory at the University of Surrey, but 
also to conduct a clinical study with drop foot patients (see chapter 9) at Queen M ary’s 
Hospital in Roehampton, London.
175
Chapter 8 Evaluation o f SEAS with Healthy Volunteers
8.2. Methods for charting the ankle-foot angular response using SEAS
This section describes the method for collection of data used for charting the ankle-foot 
angular response to electrical stimulation when testing different VEs of different sizes at 
every position within the array, and with different return electrodes.
8.2.1. Subjects
Twelve healthy volunteers (6 females, 6 males, age ranging from 18 to 51 years, mean 29.5 
± 9.3 years), whose data is summarised in table 8.1 participated in the study. The number 
of participants was chosen to be similar to that selected in other pilot clinical studies, in 
which statistical analysis has been undertaken. The subjects were recruited for the 
experiments in accordance with the following criteria:
• No history of contractures, sprains or other conditions affecting the range of motion 
of the ankle-foot complex.
• No history of neurological conditions affecting the nervous system.
• Able to tolerate electrical stimulation.
Subjects not eligible for this study were those exhibiting one or more of the following 
contraindications for FES:
•  Use of cardiac pacemakers.
• Pregnancy.
• Hypertension.
• Diabetes.
• Poor skin condition and allergenic reactions.
Table 8.1. Summary of gender and age of healthy volunteers.
Subject Age Height
(m)
Weight
(kg)
Sex
SI 30 1.62 51 Female
S2 28 1.70 68 Male
S3 18 1.77 56 Female
S4 31 1.74 75 Male
S5 25 1.82 75 Male
S6 31 1.61 55 Female
S7 24 1.66 52 Female
S8 25 1.78 78 Male
S9 51 1.65 60 Female
S10 29 1.78 99 Male
S l l 37 1.70 53 Female
S12 25 1.76 83 Male
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8.2.2. VEs and return electrode sizes
Different VEs and return electrodes were tested in this study. The reason behind this 
decision was based on: a) the fact that clinically some individuals find the stimulation more 
comfortable when using a particular size of electrode; b) it is also known that the size of 
the electrode may have an effect on the quality of the stimulation in terms of strength and 
selectivity of the electrically induced muscular contractions [Baker et al., 2000; Bajd, 
2006]; c) the size of the VE can also be chosen according to the volume of the lower legs. 
For example, when using a large array in legs with large cross-sectional areas it would be 
desirable to stimulate using large VEs, since it would reduce the number of shifts 
necessary to scan the whole array or a predefined subregion of it. However, in slim 
subjects it might be more appropriate to stimulate with a smaller VE in order to ensure 
selectivity, and hence, expand the possibilities of obtaining adequate responses from a 
number of VE positions.
For this purpose, three different virtual electrodes were initially configured in the system: 
the first (VE1) was formed by a matrix of 6x6 pads which emulates a single electrode of 
approximately 40 x 40 mm; the second (VE2) was formed by a matrix of 8x8 which 
emulates a single electrode of approximately 52 x 52 mm; and the third (VE3) was formed 
by a matrix of 4x4 pads which emulates a 28 x 28 mm. The three VEs were initially tested 
in two subjects who reported painful stimulation when using the smallest size (VE3). For 
this reason it was discarded from the experiments in healthy volunteers. Note that the size 
of each VE used during the experiments (VE1 and VE2) was chosen to be as close as 
possible to the size of conventional electrodes frequently used in FES for drop foot 
correction (clinical rounded electrodes of 38 mm diameter and square of 50 x 50 mm 
respectively).
For the return electrodes, two types of self-adhesive PALS Platinum® (Axeelgard 
Manufacturing Ltd, Fallbrooke, USA) pregelled electrodes different in size and shape (R1 
= square 50 x 50 mm, and R2 = rounded 75 mm diameter) were tested separately while 
scanning the array using each one of the VEs chosen for the experiments. The reasons 
behind these choices is that the former size is often used by patients, whereas the latter was 
selected to determine if  wider diffusion of the currents has a visible effect on the selectivity 
and effectiveness of the stimulation. Hence, four different combinations of VEs and return 
electrodes were tested during the experiments. Table 8.2 lists the abbreviation that will be 
used in this chapter when referring to each one of these configurations.
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Table 8.2. Nomenclature for the four possible virtual electrode-return electrode combinations.
VE1 (»  40 x 40 mm square) VE2 (re 52 x 52 mm square)
R1 (50 x 50 mm square) V E1-R 1 V E2-R 1
R2 (75 mm diameter rounded) V E 1-R 2 V E 2-R 2
8.2.3. Experimental Protocol
Each participant underwent two trials separated by a period of one week, in order to 
minimise memory effects that may biased the results. The trials were carried out in the 
Centre for Biomedical Engineering at the University of Surrey. The protocol followed for 
testing only one size of virtual electrode and one return electrode during a single trial was 
as follows:
Sensor placement
i. The subject was asked to stand on a wooden block over two overhead projector 
transparencies, with hip/knees extended and both feet in a neutral position 
(figure 8.1). During the first trial the feet were marked on the transparencies, in 
order to create personalised foot templates used to maintain a repeatable 
standing position during the second trial. Following this, the subject was asked 
to lean his/her body against the locked laboratory door so that he/she adopted a 
comfortable and stable standing position.
M b  ^  * Mr '
1
&  mm
Jj
Figure 8.1. One of the subjects standing over the wooden block for sensor attachment.
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ii. In order to attach the sensor to the right lower leg, two anatomical locations 
were first identified and marked using a non-permanent ink pen (figure 8.2). 
Following this, a line was drawn starting from the first mark (the head of the 
fibula), crossing the second mark (lateral malleolus) and finally projected 
towards the lowest part of the lateral aspect of the foot. Both, the marks and the 
lines were drawn following a procedure similar to the described in [Rome and 
Cowieson, 1996]. Subsequently, a smaller line was traced perpendicularly to 
the projection, parallel to the plantar surface of the foot. Finally, two additional 
lines (blue) were drawn so that they converged at the centre of rotation of the 
knee joint. The reference starting points for these lines were the hip joint 
(greater trochanter) and the lateral malleolus. The lines were used later for 
aligning a universal goniometer (UG) intended for measurements of the knee 
angle with the patient in the seated position (as described in step v).
Figure 8.2. Goniometry lines. The red lines were used to align the flexible electrogoniometer during its 
attachement to the shank and foot, whereas the blue lines intersecting at the centre of the knee were used to 
align the arms and the axis o f rotation of a plastic goniometer during measurements o f the knee joint 
flexion/extension angle.
iii. In order to evaluate the reliability of sensor placement (reliability study 
summarised in section 8.3, and described in detail in appendix L), it was 
necessary to register the initial values obtained from both axis of the 
electrogoniometer at the beginning of each session, with the subject in the
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standing position. For this purpose, the sensor was always externally calibrated 
prior to attachment to the subject’s leg. A simple calibration rig was built upon 
a table surface using four metal blocks. As shown in figure 8.3, the blocks were 
placed on the table, so that they formed two slots in which both end-blocks of 
the electrogoniometer were fitted. This setup ensured that their longitudinal axis 
(green lines) remained orthogonally aligned with respect to each other, 
providing a repeatable calibration position for reseting the sensor at the 
beginning of each trial.
G o n io m e te r
Figure 8.3. Calibration rig for the SG/110A.
iv. As shown in figure 8.4, the sensor was placed on the subject’s lower leg 
according to the following procedure based on the manufacturer’s guidelines: (a) 
the fixed block was placed on the lateral aspect of the foot, with its longitudinal 
axis being in parallel with the plantar surface of the foot; (b) with the foot in 
full active inversion the sliding block was pulled up to the maximum length 
permitted and then placed on the skin, in alignment with the line marked 
between the head of the fibula and the lateral malleolus. Subsequently, the 
connection cables were strapped to the leg using a Velcro® band, in order to 
minimise strains which may either introduce errors to the measurements or 
cause the fixed block to peel off the skin. Once the sensor was in place, the 
researcher noted the initial angular values for both channels as displayed by the 
angular display unit. Finally, the sensor channel used for measuring sagittal 
angular motion was zeroed again. The rationale for the latter action was to set 
the sensor’s reference zero for this channel to be equivalent to the neutral 
position of the foot in the sagittal plane when standing. It is important to 
emphasise that the channel used for measuring frontal plane was not zeroed at
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this point, since the angular position of the fixed end-block of the 
electrogoniometer when the foot is loaded (as occurs when the subject is stood) 
differs in several degrees (more than 10°) from that measured when the foot is 
unloaded (e.g. in the swing phase of gait).
Figure 8.4.Sensor placed on the subject’s right lower limb.
v. The subject was asked to sit comfortably on a chair with his/her legs resting 
over a support that maintained the knee in a position similar to that adopted 
during the late swing phase of gait (i.e. knee flexed by approximately 20 ± 10° 
[Perry, 1992]). For each subject, the angular position of the knee was verified 
during both trials using an universal goniometer (see figure 8.5), and the location 
of the support and the chair were noted on the floor during the first trial. These 
actions were performed in order to reduce the incidence of systematic errors due 
to misplacement of the whole setup and subject position during the second trial. 
In addition, a spherical object was placed between the legs in order to maintain a 
repeatable position of the knees in the frontal plane (i.e. knees close to neutral 
neither valgus nor varus) during the trials.
Figure 8.5.M easurem ent o f knee angular position 
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vi. At this point, the channel of the electrogoniometer used for measuring frontal 
data was zeroed once again. For this purpose, the subject was asked to carefully 
dorsiflex his/her foot until reaching 0° in the angular display unit. Holding the 
foot in this position, the subject was asked to move it slowly in the frontal plane 
(i.e. from inversion to eversion) with the assistance of the researcher, who 
zeroed the frontal electrogoniometer channel when the foot reached a position 
which was visually deemed as balanced - i.e. neither inverted nor everted 
([Root et al., 1977] as referred to by [Ball and Johnson, 1993]).
vii. The subject was asked to produce a maximum voluntary dorsiflexion and 
plantarflexion for 5 seconds on three different occasions, each separated by 10 
second resting intervals. The same procedure was also applied for measuring 
maximum voluntary eversion and inversion. These values were used to 
determine the level of confidence in the determination of the neutral position 
during the trials (refer to appendix L).
Array attachment
The second part of the experimental protocol consisted of attaching both the array and the 
return electrode to the participant’s lower leg as follows:
viii. Before placing the array and the return electrode, the portions of the line drawn
over the stimulation area was gently removed using clinical alcohol wipes. This 
was to prevent the conductive gel of the array from being contaminated with the 
ink.
ix. The return electrode under investigation was placed six fingers breadth distally
to the tibial tuberosity, over the muscle belly of the tibialis anterior. According 
to guidelines for the use of drop foot stimulators [Baker et. al., 2000], this 
position may facilitate the generation of the adequate foot response to electrical 
stimulation, essential to clear the foot from the ground during the swing phase 
of gait.
x. The electrode array was attached to the right lower limb below the head of the
fibula, so that it covered the range of positions in which a conventional active 
electrode is usually placed. In order to maintain repeatability, the left side of the 
array was aligned to both extremes of the remaining portions of the lines 
situated immediately above and below the left-top and left-bottom corners of
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the adhesive gel layer. Figure 8.6 illustrates the subject in position with the 
array, electrodes and sensor attached to the skin.
Spherical
7 Flexible /  
e lectrogon iom eter
Figure 8.6. One of the subjects ready for data collection
xi. The electrode array and the indifferent electrodes were then connected to the 
hardware. At this stage, the investigator made sure that the array, electrodes and 
sensor remained properly attached to the subject.
Selection o f V E  size. determination o f intensity threshold and system initialisation
xii. During the first trial, the researcher randomly selected (i.e. by tossing a coin) 
the size of VE to be scanned first. The intensity tolerance threshold (ITT) for 
the VE size under investigation was then determined slowly increasing the 
stimulation until the maximum bearable stimulation amplitude for the four VE 
positions corresponding to each one of the comers of the array was found. The 
ITT for subsequent testing was taken as the lowest maximum intensity 
threshold found after testing the four corners minus a count of one.
xiii. The stimulation threshold was entered in the configuration window of the 
automatic algorithm. In addition, the ‘record’ and ‘monitoring’ options of the 
PC software were enabled, to allow reading of foot angular response in both
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planes of motion (i.e. sagittal and frontal) and the stimulation intensity 
associated with each VE position.
Automatic array scanning and data collection.
xiv. The virtual electrode was configured according to the selected size, and then 
automatically positioned by the software in the top corner of the array closest to 
the head of the fibula (initial position).
xv. At the current VE position, the algorithm controlled the gradual delivery of the 
stimulus step by step until reaching the prefixed ITT value. For each step, the 
stimulation was maintained for 500 ms, except for the last step where it was 
sustained for 2 seconds. The foot angular responses obtained at different 
stimulation intensities were simultaneously acquired in real time and then 
stored in a personalised text file together with the current VE position.
xvi. The stimulation was then turned off and the virtual electrode shifted to the next 
position in the matrix (the array was scanned in a row-column order). In order 
to minimise the effects of fatigue, a resting period of 6 seconds was given 
before testing the new VE position.
xvii. The procedure was automatically repeated from step xv until the scanning 
process reached the last possible position for the virtual electrode in the array.
xviii. Finally, the subject was given 5 minutes rest prior to testing the next VE size or
return electrode. In the former case, the procedure was merely reinitiated from 
step xii, whereas for the latter the return electrode needed to be replaced (as
indicated in step ix) prior to starting again from step xii.
8.3. Validity of ankle-foot angular measurements.
In order to determine the validity of the collected data using the flexible electrogoniometer 
SG/110A, it was decided to determine its accuracy and repeatability, as well as the 
similarities of measurements obtained with this sensor against those registered with a 
clinically accepted goniometry instrument. The study involved first a review of the
literature regarding goniometric measurements, and then a series of pilot tests for the
assessment of the aforementioned aspects (described in detail in appendix L).
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In the context of this work the term accuracy refers to how close the angular measurements 
obtained with the flexible electrogoniometer are to the ‘true’ values. The literature review 
revealed that the accuracy of this type of sensor is about ± 3°.
The term repeatability refers to the variation between static angular ankle-foot 
measurements taken in two different occasions by a single tester, from the same subjects in 
a controlled standing position, and with the same SG/110A sensor. The tests were 
performed with the same twelve volunteers who participated in the experimental 
evaluation of the array, and the data was collected as described earlier in step iii of section
8.3.4. The results of the tests showed that: a) no significant differences (p>0.05) in the 
means were observed between sessions; and that b) looking at the 95% confidence 
intervals, a repeatability margin smaller than 2° can be maintained as long as the 
procedures for identifying the body landmarks, marking the lines and controlling the 
position of the subjects are strictly followed.
Finally, the comparisons between data recorded with the flexible electrogoniometer and 
that collected using an universal plastic goniometer (most widely used instrument in 
clinical practice for assessing range of motion of the joints) showed that the maximum 
differences found were 4.3° and 1.7° degrees for the sagittal and frontal planes respectively. 
These values can be regarded as satisfactory considering that the range of motion of the 
ankle-foot in these planes is much larger, the differences between the instruments, and the 
margin of errors associated to the pertinent procedures for use.
To summarise, the findings of the preliminary tests performed in this project showed that 
the flexible electrogoniometer SG/110A provides a valid means of collecting angular 
ankle-foot data when following the protocol proposed in this work.
8.4. Data representation and analysis
8.4.1. Functional response
In order to evaluate the responses to electrical stimulation using the Surrey Electrode Array 
System, it was considered necessary to establish a preliminary criterion to defined the 
boundaries within which the ankle-foot angular responses obtained could be assumed to be 
adequate. The definition of such a criterion was based on: a) gait data collected from some 
of the participants using the flexible electrogoniometer SG/110A; b) the clinical approach
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currently used in clinical practice for finding the position of conventional electrodes; and c) 
the opinions of clinicians who use FES.
P ilo t ch aracterisa tion  o f  th e  S G /110A  d u rin g  w alk in g
Two possible methods for undertaking this characterisation were considered: a) to perform 
simultaneous recordings using both the electrogoniometer and the infrared kinematic 
camera system available at Surrey, and b) to compare the data recorded using the 
electrogoniometer during walking with published data.
The first alternative involves the use of retro reflective markers and infrared cameras for 
data collection (refer to section L.4 of appendix L for a brief description of this 
technology). Simplistic biomechanical models used in clinical gait analysis, e.g. Helen 
Hayes, can be used for acquisition of gait data; yet one limitation of these approaches is 
that the ankle-foot is treated as a single rigid body segment [Kadaba et al., 1989]. In order 
to solve this problem, different researchers have proposed the use of multi-segment foot 
models capable of measuring rearfoot, midfoot and forefoot motion [Stebbins et al., 2006; 
Jenkyn and Nicol, 2007]. These models consist of larger number of retro reflective markers, 
placed over different parts of the foot in accordance to specific mathematical approaches 
for the calculation of the angles of motion. In the context of this project, one limitation of 
these multi-segment models is that some of the reflective markers (particularly those to be 
placed over the lateral malleolus and lateral aspect of the foot) would be obstructed by or 
would interfere with some parts of the flexible electrogoniometer. Therefore, the idea of 
using any of the aforementioned models together with the SG/110A for simultaneous data 
collection was discarded, and thus, the second alternative was adopted.
All the volunteers who participated in data collection during the experiments using the 
array were contacted, though only three out of the twelve (patients S8, S9 and S10 in table 
8.1) were able to participate in this study. During the trials (only one per subject), the 
SG/110A was fixed on the subject’s right leg and calibrated following the directions given 
in section 8.2.3. The sensor instrumentation was connected to two channels of the data 
acquisition interface of the kinematic motion analysis system (Qualisys Medical AB, 
Sweden) by means of two 15-metre coaxial cables. Following this, the Qualisys Track 
Manager® software was configured to acquire data from both channels of the 
electrogoniometer at a sampling rate of 100 Hz. Two retro reflective markers were placed 
on both feet: one over the second metarsal head and the other over the rear part of the heel 
(figure 8.7). This was done to facilitate the detection of two consecutive initial contacts (IC)
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events and right toe off (TO), useful for normalisation of the data to the gait cycle and 
determination of the stance and swing phases. Each subject was asked to walk six times 
along a 10 metre trajectory delimited by two points marked on the laboratory floor. The 
data collected from each walk was processed with the assistance of a member of the gait 
analysis team at the University of Surrey, using Visual 3D motion analysis software (C- 
Motion Inc, Germantown, USA).
Figure 8.7. Experimental setup for collecting data using the SG/110A during walking, a) General view of the 
experimental setup, b) Location of the reflective markers over the subject’s feet.
Figure 8.8 illustrates the mean and standard deviation plots for all the subjects when using 
the flexible electrogoniometer during walking. TJpe trend of the resultant average curve 
was comparable to others obtained from data recorded using infrared motion capture 
systems from Kadaba et al., 1990; Stebbins et al., 2006; and Jenkyn and Nicol, 2007 as 
shown in figure 2.4 of chapter 2. The absolute peak average value of dorsiflexion obtained 
for this group of participants was 7.4° ± 1.1 ° during stance, whilst the peak value of 
plantarflexion was -12.4° ± 3.1° during swing. Thus, the total range of excursion (about 20°) 
observed in this group of subjects falls within the range of ankle-foot sagittal motion 
observed amongst normal individuals seen in figure 2.4. Note that during the mid and late 
swing, the average dorsiflexion reached a couple of degrees above 0°.
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Figure 8.8. Graph of ankle angular motion recorded with the goniometer in the sagittal plane. The blue line 
represents the mean of the eighteen strides (six per subject), whereas the red lines represent the standard 
deviation. The boundaries between stance and swing phase were delimited by the TO event which in average 
occurred at 60.9 ± 1 % of the gait cycle.
Figure 8.9 are the resultant average and standard deviations curves obtained from the 
frontal data. The plots reflect that during early stance the foot moves in eversion until it 
reaches a mean peak value of -15.8° ± 1.4° at 41% of the gait cycle. Thereafter, the 
direction of the angular motion reverses towards inversion, until an average peak value of 
-0.4° ± 1.4° at 61% of the gait cycle was attained. Following this, the motion of the foot 
reverses again towards eversion reaching an average peak value of -6 .6° ± 0 .6° at the end of 
mid-swing. At this point, the foot moves from eversion to inversion, and then again 
towards eversion until the end of the next initial contact where the greatest average peak 
value of eversion (-7.7° ± 0.7°) was obtained.
The plots shown in figure 8.9 were also compared against other published graphs plotted 
from data recorded using infrared motion capture systems and multisegment foot marker 
models from Stebbins et al., 2006 and Jenkyn and Nicol, 2007 (shown in figure 2.5 of 
chapter 2). It can be seen that the overall trend of the curves obtained from the SG/110A 
(i.e. changes in the direction of the angular motion throughout the gait cycle) are 
comparable to those observed in the published graphs. However, there are marked 
differences between the angular values in the stance phase - i.e. the values and the range of 
eversion observed in figure 8.9 are much larger than those shown in figure 2.5. One factor 
that can be attributed to this discrepancy is the angular error introduced when loading the 
foot with the body weight, i.e. the fixed end-block of the goniometer will be tilted in the 
direction of eversion by a few degrees when the skin of the lateral aspect of the foot 
dynamically changes its shape as a result of transferring the body weight to the supporting 
foot. Nevertheless, since foot clearance takes place during swing, only the data collected
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within this period of the gait cycle was crucial for this research. During this phase, the 
trend of figure 8.9 is comparable to both trends exhibited by the plots shown in figures 2.5a 
and 2.5b, regardless of the differences between studies. In addition, the angular values 
obtained with the flexible electrogoniometer are relatively close to those forming part of 
the negative limits of the graphs shown in figures 2.5a and 2.5b.
Figure 8.9. Graph of foot angular motion recorded with the goniometer in the frontal plane. The blue line 
represents the mean of the eighteen strides (six per subject), whereas the red lines represent the standard 
deviation. The boundaries between stance and swing phase were delimited by the TO event which in average 
occurred at 60.9 ± 1 % of the gait cycle.
The characterisation of the SG/110A not only facilitated determination of the trends and 
values of gait angular motion of the ankle and the foot related to the group of participants 
involved in this study, but also identification of a number of similarities between the data 
collected using the flexible electrogoniometer and published data collected using infrared 
camera systems while walking. It was felt that for practical purposes, the values obtained 
in the sagittal plane for the whole gait cycle and the frontal plane during swing can be 
regarded as a reasonable representation of the kinematic motion of the ankle and foot of 
the subjects involved in the array experiment.
However, it is important to emphasise that the results obtained here should be cautiously 
interpreted as indicatives, and therefore, they can not be used to either draw definite 
conclusions about the validity of gait data using the SG/110A, or establish definite ranges 
of ankle-foot motion during walking when using this sensor. The reason behind the latter is 
the sum of the following factors: differences between the experimental methods and 
instruments used for the measurements (i.e. lack of a gold standard); variability between 
the groups of subjects involved in different studies; and the limited number of participants 
involved in this research and in the quoted studies.
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C lin ica l approach es a n d  ex p ert o v in io n s on  fin d in g  the electrode position
The definition of the criterion for the evaluation of the functional response in this work 
was also based on the clinical approach used by FES practitioners to find an adequate 
location for the electrodes with the patient in the seated position. This technique consists of 
visual observation of the ankle-foot angular motion when applying electrical stimulation. 
For each particular patient, the right position of the electrodes is said to be found when the 
observed ankle-foot angular response is sufficient to produce foot clearance during the 
swing phase of gait. Some of the common approaches used in clinical practice to describe a 
‘sufficient’ response are:
• “ ... dorsiflexed foot with balanced inversion/eversion. . .” [Burridge, 2001].
• “ . . . b y  provision of dorsiflexion and eversion, the foot clears the ground in the
swing phase more easily” [Taylor, 2002],
• “Care must be taken in identifying the most appropriate placement resulting in a 
foot which is balanced into dorsiflexion ” [Baker, 2000].
The literature search revealed that some researchers have attempted to define quantitative 
eriterions to evaluate the efficiency of finding the right electrode position using electrode 
arrays. Elsaify and associates [2004b] established a criterion for the evaluation of the 
functional response visually assessed and ranked using arbitrary thresholds: a) 0 for no 
visible contraction; b) 1 for visible contraction but no clear movement; c) 2 for partial 
movement; c) 3 for normal movement; d) 4 for strong movement. Unfortunately, this 
criterion did not establish numerical ranges of ankle-foot movement.
Heller and Colleagues [2004] used angular values to evaluate the functional response to 
electrical stimulation of the peroneal nerve using an electrode array. As mentioned earlier 
in chapter four, the researchers aimed to reach a target of 15° of dorsiflexion together with 
0° of inversion/eversion while scanning two virtual electrodes throughout a high-resolution 
electrode array in 12 healthy volunteers (see chapter 4). Regrettably the rationale for the 
selection of these angular targets was not given by the researchers.
In order to establish a reasonable estimation of the functional response definition to be 
used in this study, FES experts from Salisbury District and Queen M ary’s Hospitals were 
consulted. One of these experts suggested that about 5° of eversion would be reasonable to 
avoid the risk of the ankle turning over during initial contact (as stated in a personal 
communication with Dr Paul Taylor from Salisbury District Hospital); whereas the others
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agreed that a range of 0° to 10° would be a prudent estimate to cover the needs of different 
types of patients (as stated in personal communications with Dr David Ewins and Mrs 
Sally Durham at Queen M ary’s Hospital in Roehampton). With regard to the amount of 
dorsiflexion, it was felt that this will vary with the patient requirements. Based on the 
literature and on the opinion of FES experts, very little dorsiflexion (as low as 0°) may be 
enough for foot clearance in some patients who are able to flex their hips and knees during 
walking. In a systematic review of the effects of AFOs on gait and muscle activity in adults 
with hemiplegia, Leung and Moseley [2003] referred to a number of works where gait 
parameters (i.e. walking speed, step length and reduced plantarflexion during swing) were 
improved in subjects using AFOs adjusted to 0°, 5° and 10° dorsiflexion angles. 
Nevertheless, some clinicians are of the opinion that for other patients whose pathological 
conditions are more severe (e.g. stiff knee), larger values of dorsiflexion may be required.
D efin in g  a  prelim in ary criterion
After analysing the normal gait data collected in this project using the flexible 
electrogoniometer and after reviewing the existing clinical approach and the expert 
opinions for judging the appropriateness of the electrode position based on visual 
assessment of the electrically induced ankle-foot angular motion, it was possible to define 
an initial criterion of functional response for the evaluation of the data collected when 
testing the Surrey Array. The walking data recorded with the SG/110A suggests that an 
angular motion of the ankle either equal to or larger (about 2°) than 0° of dorsiflexion 
together with an eversion pattern ranging from few degrees above 0° to around 8°, 
approximates to the necessary range of movement performed by three of the participants 
involved in the array experiments when clearing the foot from the ground during the swing 
phase of gait. Therefore, after combining this data with the clinicians’ opinions; the 
functional response was preliminary defined in this work as ‘the motion o f the ankle-foot 
beyond 0° o f  dorsiflexion and between 0° and 10° o f  eversion’.
It can be argued that this criterion would allow excessive dorsiflexion to be deemed as 
functional. However, this issue is not critical, as preliminary experiments using SEAS 
demonstrated that the strength of an excessive dorsiflexion pattern can be gradually 
reduced by decreasing the stimulation intensity. Figure 8.10 shows that the latter action can 
be performed without causing a change of the eversion motion outside the pre-established 
limits (the generation and use of these plots is discussed further below).
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Figure 8.10. Plots of angular response versus intensity obtained from subjects 4 and 10 when using VE1-R1 
at positions [1,1] and [1,2] respectively. As shown in the dashed squares the amount of dorsiflexion could be 
varied in both cases by regulating the stimulation intensity, but without affecting the eversion response.
L im ita tions
The criterion defined here represents a crude guideline, since it was based on preliminary 
normal gait data taken from a very limited sample of subjects (n=3), and clinicians’ 
assumptions of acceptable clinical responses. In addition, another limitation of this 
criterion is that it excludes a group of sagittal and frontal planes responses (i.e. 
plantarflexion and inversion close to neutral) that in some patients may be sufficient for the 
attainment of foot clearance. Therefore, the results obtained when applying this criterion 
must be used only as a starting point for evaluation. For this reason the data analysis 
software developed was envisioned to allow FES practitioners to define the functional 
response for each particular case and according to their own criteria, during future clinical 
assessments of the electrode positioning using SEAS. These software tools are explained in 
the following sub-section.
8.4.2. Software: file converter, data analysis, and repeatability tools
A number of software tools were developed to process ‘offline’ the data collected during 
the experiments in healthy volunteers using SEAS. These tools comprise three programs: 
one file converter developed using Builder C++, and two MATLAB® applications 
developed to aid data analysis. The source code of these applications is contained in the 
companion CD (refer to appendix P).
F ile con verter
This is a simple routine programmed for preparing the personalised text files containing 
the data to be processed by the data analysis and repeatability applications developed in
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MATLAB®. In summary, the main operations performed by the C++ code for any text file 
associated with a particular participant, VE and return electrode were:
• To calculate the average of the angles obtained per increment of intensity (steps) at 
every VE position. The results of this operation are stored in a new text file (parent 
file), which is fully compatible with the MATLAB® applications developed here.
• To split the data contained in a parent file into different text sub-files corresponding 
to the angular response obtained per VE position versus stimulation intensity 
(steps).
D ata  an alysis too l
Once the new files (i.e. parent files and sub-files) are generated for all the possible 
combinations of VEs and return electrodes per participant they can be processed using the 
the data analysis tool developed in MATLAB® (Figure 8.11).
r  Plotting map options-
In ten tly  AtSusmert
_ | 0 ]
Activation region
Sagittal Frontal
Frcnt|-J“  Ta |
Map Options—
<• Absolutes
C  Range of motion
r VE positions-
Eleclrodel 2 txt 
Electrodel 3 txt 
Electrode! 4 Jxt 
Electrodel 5txt . 
Electrode21 txt _LI
V E  position vs. angular response
Sagittal plane
l~ General Options-------------- Current session
|~  plot lo  separate figures Session 1
P  Save response C  Session 2
Frontal plane
-s in g le  VE response -
— &■}- Sagrtta 
— £ + -  Frontal
i p
:
i I I .
10 15 20
Intensity (steps)
25
R esponse at fixed intensity steps- 
Functional R esponse
I
Si 7
| 1 2 3 4 5
r  Response at different intensities— 
Intensity of the response (Steps)
1
Figure 8.11. The data analysis tool graphical user interface showing response maps for 15 steps of 
stimulation intensity as well as plots of dorsiflexion and eversion per intensity step for VE1-R1 at position 
[1,1].
193
Chapter 8 Evaluation o f SEAS with Healthy Volunteers
The main function of this application was to facilitate the interpretation of the data by 
generating the following plots:
• Colour charts of ankle-foot angular response versus VE position: these graphs were 
designed to display the angular response for each possible VE position within the 
array at a selected level of intensity.
Figure 8.12 illustrates an example of the resultant graphs for the sagittal and frontal 
planes planes of motion (colour charts on the left), as well as the relationship 
between their cells and the actual positions of the VE within the array and with 
respect to the anatomy of the lower leg (indicated by the pictures on the right). The 
colour charts are matrices where each one of their cells reflects an amount of 
degrees (indicated by the colour bars) relative to the angular response obtained 
when stimulating with certain intensity at a given VE position. For example, the 
cells [1,1] of both matrices (labelled as a) contains the angular data associated to 
the closest VE position to the head of the fibula (initial position). Likewise, the 
angular data contained in cells [2 ,1] (labelled as b) were obtained when stimulating 
with the VE situated one step below the initial position. The angular data contained 
in cells [3,4] (labelled as c) in both charts correspond to those collected when 
stimulating with the VE after being shifted three times downwards to the bottom of 
the array and four steps to the right from its initial position. Finally, the angular 
data contained in cells [7,5] (labelled as d) were obtained when stimulating with the 
VE placed at its farthest possible location from the head of the fibula (i.e. bottom 
right part of the array).
• Charts of functional responses versus VE positions: these are graphic matrices 
generated by the software to display those VE positions at which functional ankle- 
foot responses were attained. Using these matrices, the software generates two 
different types of charts: one to visualise the functional responses at fixed intensity 
values, and one to display the functional responses obtained at the minimum 
possible level of intensity. Figure 8.13 illustrates examples of these graphs. The 
dark blue regions in the charts represent those VE positions at which non-functional 
responses were recorded.
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J
Figure 8.12. Colour charts o f VE1 position versus angular response for an intensity level of 18 steps (left 
side). The colour bar is used as an indicator to determine the number of degrees attained at each cell o f the 
matrices. Some of the cells have been labelled in order to visualize their relationship with their corresponding 
VE positions as shown in the four illustrations of the array placed over the lower leg (right side). The red 
mark just over the top left side of the array indicates the anatomical location of the head of the fibula. The 
recording time per electrode position was 500 ms per intensity step (except for the last intensity step, where 
the recording time was maintained for 2 seconds).
Response at fixed intensity steps- 
Functional Response
Figure 8.13. Charts o f functional response generated for one o f the subjects. The left plot shows the 
functional response for different VE positions at a fixed value of intensity (e.g. 16 steps in this case). The 
right plot illustrates the minimum num ber o f stimulation steps required to achieve a functional response at 
differentVE positions, as indicated by the colour bar. In both plots, the dark blue cells in these type of charts 
represent areas where no functional responses were attained. The recording time per electrode position was 
500 ms per intensity step (except for the last intensity step, where the recording time was maintained for 2 
seconds).
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• Plots of angular response versus stimulation intensity: these x-y plots are used to 
display the angular responses of the ankle-foot in both planes of motion at each one 
of the intensity steps tested for a particular VE position (see figure 7.12). These 
graphs can be created one by one from the text sub-files corresponding to each one 
of the VE positions to be analysed.
R epeatab ility  too l
Figure 8.14 portrays a screenshot of the application developed to aid the repeatability 
analysis between trials. The first two monochrome charts at the left and centre of the 
graphical user interface illustrate the VE positions where functional responses (white cells) 
and non-functional responses (black cells) occurred regardless of the intensity level. The 
chart at the right side of the graphical interface illustrates the areas of the array where the 
functional responses were repeatedly attained (white cells), the areas where functional 
responses appeared in one of the sessions (grey cells) only and the areas where non­
functional responses were present in both sessions (black cells).
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Figure 8.14. Graphic user interface for the repeatability tool. In the right panel the white cells correspond to 
those functional and repeatable responses, the black cells to non-functional repeatable responses, and the gray 
cells to functional non-repeatable responses.
8.5. Results and discussion
Having explained the criterion for the judgment of the functional responses and the 
different types of graphs created using the software, this section introduces the results of 
the pilot investigation. The interpretation of these results led to an answer for the question 
of whether it was feasible to obtain selective, functional and repeatable responses with the
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four combinations of VE and return electrodes (refer to table 8.2 for abbreviations) that 
were implemented in this pilot study.
8.5.1. Selectivity
As mentioned in chapter 5, selectivity in the context of this work refers to the FES system 
capability of activating specific muscles in order to produce distinct patterns of electrically 
induced ankle-foot angular movement. From the perspective of the electrode array design, 
this parameter mainly depends on the feasibility of delivering focalised stimulation through 
the skin, so that different nerve branches or motor points can be activated when stimulating 
at different VE positions. In the best scenario, the focality of the array would become 
apparent on the colour charts of sagittal and frontal responses planes as assorted patterns 
formed by a variety of ankle-foot movements. Figure 8.15 illustrates this case as observed 
in subject S3 during session 1.
After examining a large number of similar colour charts generated per subject at different 
intensity levels (not included in this dissertation due to space limitations), it was found that 
diverse patterns of ankle-foot movement were attained by all the participants in both 
sessions, and for all the VE-return electrode combinations tested during the experiments. 
However, in a number of cases at ITT, the responses between neighbouring VE positions 
tended to be more pronounced and closer in magnitude to each other, reflecting a decrease 
in the selectivity. The first two charts (from left to right) of figure 8.16 illustrates this case 
for subject S l l  when stimulated at 14 steps of stimulation amplitude. This is in agreement 
with the modelling work carried out in this investigation (see chapter 5) which 
demonstrated that when the amplitude is high the stimulating currents flow through larger 
portions of tissue where the nerves innervating different muscles responsible for ankle and 
foot motion lie. Nevertheless, with a smaller intensity value (12 steps), a more selective 
pattern of ankle-foot angular responses was visually observed (subsequent charts of figure 
8.16).
Attempts to evaluate the effect of the VE and return electrode size on the diversity of the 
angular responses were also made in this investigation. For this purpose, visual 
comparisons of the colour charts in which only the VE sizes varied (i.e. same session, 
intensity threshold (ITT), return electrode and subject) were carried out. It was found that 
there were cases showing more selectivity when stimulating with the smaller size, and 
others where the resultant charts did not show any visibly comparable tendency (i.e. the
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charts showed similar selectivity for all the configurations). It is believed that other factors 
such as variability of the anatomical and anthropometric characteristics between 
participants, variations in skin impedance between and within subjects, onset of muscle 
fatigue and position of the electrode array over the skin may also have had an effect on 
selectivity.
VE1-R2, Intensity = 15 steps VE2-R2, Intensity = 15 steps
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Angular response: Sagittal plane Angular response: Frontal plane Angular response: Sagittal plane Angular response: Frontal plane
rows rows rows rows
Figure 8.15. Colour charts o f ankle-foot angular response at intensity threshold of tolerance (ITT =15 steps) 
for subject S3 when using VE1-R2 and VE2-R2 VE and ) during session 1. The colour at the right side of 
each plot bar indicates the magnitude o f the angular responses. VE1 w 40x40 mm square VE, VE2 52x52 
mm square VE, R1 = 50x50 mm square return electrode, and R2 = 75 mm diameter rounded electrode.
VE1-R2, Intensity = 14 steps VE1-R2, Intensity = 12 steps
Angular response: Sagittal plane Angular response: Frontal plane Angular response: Sagittal plane Angular response: Frontal plane
rows rows rows rows
Figure 8.16. Colour charts o f ankle-foot angular motion for subject S l l  when stimulating with VE1-R2 
during session 2 at 14 and 12 steps o f intensity. The colour bar at the right side of each plot indicates the 
magnitude of the angular responses. VE1 ft? 40x40 mm square VE, VE2 ft? 52x52 mm square VE, R1 = 
50x50 mm square return electrode, and R2 = 75 mm diameter rounded electrode.
In summary, this study demonstrated that selective stimulation can be attained when using 
the Surrey Electrode Array, as long as the stimulation amplitude is adjusted to an 
appropriate level -i.e. number of steps sufficient to generate FRs. For some subjects this 
intensity level corresponded to ITT. In others, however, it was observed that by decreasing 
the amplitude few steps below the maximum bearable threshold the selectivity was 
improved. Although not crucial to the use of the array, the latter is of paramount important 
since the use of smaller stimulating levels delays the onset of fatigue and expands the 
possibility of attaining different patterns of FRs.
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8.5.2. Functional responses
The following subsections presents the results associated to the functional responses 
obtained using the data collected from the 12 participants.
In cid en ce  o f  the fu n ction a l revo n ses
The incidence of FRs attained when using different combinations of virtual and return 
electrodes was quantified for each one of the 96 colour charts2 of functional responses 
obtained in this work (refer to appendix M). The number of FRs has been expressed as a 
percentage of functional responses (%FR), which was calculated per chart using the 
following expression:
% FR  =  (\/E_FR)/(TVE_PO S) X  100 Equation 8-1.
where VE_FR corresponds to the number of VE positions (cells) at which FR were attained, 
and TVE_POS is the total number of VE positions available in the array {TVEJPOS = 35 
for VE1, and TVE_POS = 15 for VE2).
The values of %FR and VE_FR per subject per session and per VE-return electrode 
combination were tabulated in tables 8.3 and 8.4. The shaded cells in the tables correspond 
to those %FRs smaller than 10%. This value was chosen, since it was felt that it represents 
the minimum acceptable percentage of functional responses (i.e. equivalent to about 4 FRs 
and 2 FRs when using VE1 and VE2 respectively). However, it is accepted that this figure 
is open to further discussion. It can be seen that FRs became apparent for all the subjects in 
all the charts, except for S6 when using VE2-R1 in session 1. In depth investigation of this 
case was carried out by visually inspecting the plots of angular response versus stimulation 
intensity for each one of the VEs positions. The graphs revealed that the obtained 
responses were unbalanced in the frontal plane (i.e. excessive eversion or inversion). This 
also occurred for other configurations (VE1-R1 and VE2-R2) where the incidence of the 
FRs was found to be less than 10% for the same subject and during the same session. It is 
believed that FRs could have been attained at VE positions where exaggerated responses 
appeared, if finer intensity regulation had been possible (see figure 8.17).
2 The 96 colour charts result from testing four VE-return electrode combinations with twelve subjects in two 
separate occasions.
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Figure 8.17. Cartesian plots o f ankle-foot angular responses versus stimulation intensity for subject S6. 
VE1-R1 (left plot) and VE2-R2 (right plot) both at positions [1,3] and [1,1] respectively. Finer regulation of 
the stimulation intensity would have enabled elicitation o f FRs inside the area denoted by the dashed 
circumferences. VE1 »  40x40 mm square VE, VE2 t o  52x52 mm square VE, R1 = 50x50 mm square return 
electrode, and R2 = 75 mm diameter rounded electrode.
Moreover, the tables show that there were a few other cases (3 out of 96 charts) wherein 
the percentage of FRs was below 10% - i.e. for subjects S8 (VE2-R1 in sessions 1 and 2) 
and S10 (VE2-R1 in session 2). In these occasions the low incidence of the FRs was 
attributed to the following factors:
• Selection of insufficient stimulation amplitudes as a result of the unbearable 
sensation experienced by some subjects with sensitive or dry skin.
• Misplacement of the array towards the anterior aspect of the tibia, causing the 
majority of the responses to be either deviated towards inversion or weak 
(insufficient dorsiflexion and eversion).
Values of %FR above 10% were apparent for the rest of the participants; reaching up to 
100% in a number of cases, particularly when the largest VE was used (except for SI 1 who 
showed %FR=100% when using VE1 during session 2). It was also observed that the 
number of cases where %FR = 100% was larger during the second session and for the 
configurations involving the large VE.
In order to provide a more visual description of the incidence of the functional responses 
for the four different combinations of VEs and return electrodes, two frequency 
distribution plots (figure 8.18) were generated for five ranges of %FR at intervals of 20%. 
It can be observed that the tendency of the frequency distribution of the %FRs was similar 
between sessions; except for the highest range (80 -  100%) where the number of the cases 
notably increased during the second session.
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Overall, in both sessions, the results showed that the incidence of the FRs ranged from 40 
to 100% in 75 out of the 96 charts (78% of the totality of the cases). Only the 21 remaining 
charts (22% of the cases) showed an incidence of FRs ranging from 0 to less than 40%.
In summary, the analysis of the results outlined in this subsection demonstrated that 
functional responses were attained by all the participants while undergoing stimulation 
with the Surrey Electrode Array and under the particular conditions of the experiments 
performed in this investigation. Furthermore, slightly more than three quarters of the cases 
showed moderate to very high incidence of FRs.
Table 8.3. Functional responses generated whilst testing the Surrey Electrode Array during session 1. 
The shaded cells correspond to %FR < 10%. VE_FR = number of cells where FRs were obtained, and 
%FR = percentage of FRs. VE1 w 40x40 mm square VE, VE2 »  52x52 mm square VE, R1 = 50x50 
mm square return electrode, and R2 = 75 mm diameter rounded electrode.
S I 15.0 42.9 15.0 100.0 23.0 65.7 15.0 100.0
S2 20.0 57.1 4.0 26.7 11.0 31.4 10.0 66.7
S3 9.0 25.7 2.0 13.3 28.0 80.0 12.0 80.0
S4 13.0 37.1 9.0 60.0 9.0 25.7 8.0 53.3
S5 20.0 57.1 10.0 66.7 33.0 94.3 15.0 100.0
S6 2.0 5.7 0.0 0.0 10.0 28.6 1.0 6.7
S7 20.0 57.1 12.0 80.0 22.0 62.9 8.0 53.3
S8 15.0 42.9 1.0 6.7 28.0 80.0 12.0 80.0
S9 15.0 42.9 12.0 80.0 21.0 60.0 11.0 73.3
S10 19.0 54.3 15.0 100.0 18.0 51.4 14.0 93.3
S l l 29.0 82.9 15.0 100.0 21.0 60.0 11.0 73.3
S12 30.0 85.7 14.0 93.3 23.0 65.7 14.0 93.3
MIN 2.0 5.7 0.0 0.0 9.0 25.7 1.0 6.7
MAX 30.0 85.7 15.0 100.0 33.0 94.3 15.0 100.0
Table 8.4. Functional responses generated whilst testing the Surrey Electrode Array during session 2. 
The shaded cells correspond to %FR < 10%. VE_FR = number of cells where FRs were obtained, and 
%FR = percentage of FRs. VE1 w 40x40 mm square VE, VE2 to 52x52 mm square VE, R1 = 50x50 
mm square return electrode, and R2 = 75 mm diameter rounded electrode.
SI 30.0 85.7 14.0 93.3 21.0 60.0 10.0 66.7
52 29.0 82.9 10.0 66.7 6.0 17.1 11.0 73.3
S3 27.0 77.1 5.0 33.3 17.0 48.6 15.0 100.0
S4 14.0 40.0 7.0 46.7 7.0 20.0 11.0 73.3
S5 20.0 57.1 9.0 60.0 28.0 80.0 15.0 100.0
S6 25.0 71.4 15.0 100.0 29.0 82.9 15.0 100.0
S7 13.0 37.1 15.0 100.0 29.0 82.9 13.0 86.7
S8 15.0 42.9 1.0 6.7 14.0 40.0 13.0 86.7
S9 14.0 40.0 11.0 73.3 32.0 91.4 14.0 93.3
S10 8.0 22.9 1.0 6.7 19.0 54.3 12.0 80.0
S l l 32.0 91.4 15.0 100.0 35.0 100.0 15.0 100.0
S12 19.0 54.3 7.0 46.7 33.0 94.3 15.0 100.0
MIN 8.0 22.9 1.0 6.7 6.0 17.1 10.0 66.7
MAX 32.0 91.4 15.0 100.0 35.0 100.0 15.0 100.0
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Figure 8.18. Histograms o f %FRs for sessions 1 (left) and 2 (right).
D istribu tion  o f  the fu n ction a l respon ses
During visual inspection of the charts of functional responses, it was noted that the 
distribution of the FRs was variable between electrode configurations, as well as within 
and between subjects. Figure 8.19 illustrates examples of different patterns of FRs obtained 
from different subjects and different VE-retum electrode combinations. This variability in 
the distribution of the FRs can be mainly attributed to factors such as intra and inter subject 
variability (e.g. changes in skin impedance between sessions, and anatomical differences 
between participants), and variations in the array/return electrode position over the skin 
within and between subjects. For these reasons, it is believed that the distribution of the 
FRs throughout the array is a parameter difficult to predict, and therefore, it would be 
desirable to use electrode arrays with an overall size large enough to cover a large portion 
of the skin of the lower leg, in order to account for the factors mentioned above, 
a) b) c) d)
Functional Ftesponse Functional Response Functional Rasponse Functional Ftesponse
rows news news nows
e) f) g) h)
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Figure 8.19. Different topologies of FRs observed in charts o f functional responses from subjects S3 (a), SI 
(b), S5 (c), S7 (d), S2 (e), S4 (f), S6 (g) and S8 (h). The cells in dark blue represent VE positions where non­
functional responses were present. The different colours observed for the rest o f the cells represent the 
minimum intensity (in steps) at which the responses were attained, as indicated by the colour bar at the right 
side of each plot.
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R epeatab ility  o f  th e  fu n ction a l respon ses
In order to evaluate both the reproducibility of the procedures for setting up the array and 
the possibility of defining templates that can be used later for optimisation, a preliminary 
analysis of the repeatability of the functional responses between sessions was carried out. 
For this purpose, 48 gray-scale repeatability charts were created as described above in 
section 8.4.2. Although all of these graphs are contained in appendix N, some of them were 
included later in this subsection as illustrative examples of the different repeatability levels 
and the size of regions where the FRs overlapped.
Prior to the discussion of these results, it was necessary to describe the criteria applied for 
the analysis of the data. In this context, the repeatability reflects how similar were the 
overall patterns of functional and non-functional responses obtained per subject between 
trials, providing an indication of the reproducibility of the experiments (e.g. repeatability 
of methods associated with the array/electrode attachment task and intrasubject variability). 
It was expressed as the percentage of repeatable responses (%RFR), which was calculated 
per chart as follows:
Drp
% R F R  — ------------------- X 100 Equation 8-2.
R FR + N R  FR
where RFR is the number of repeatable FRs (white cells), and NR_FR the number of non- 
repeatable FRs (gray cells). The denominator of the equation corresponds to the total 
number of obtained FRs (repeated and non-repeated), so that the similarity between the 
overall patterns of FRs observed in both sessions can be determined. This can be observed 
in figure 8.20, where the patterns of FRs were full repeatable (%RFR=100%) in both cases, 
even though the number of cells corresponding to the overlapping regions (formed by the 
RFRs) were markedly different (1 against 15 cells).
Rapeet ability Repeatability
1 2  3  1 2  3
X  position (Columns) X  position (O d u m s )
Figure 8.20. Two cases where the repeatability attained was identical (%RFR=100%), regardless o f the 
differences between the number of RFRs (white cells). The charts correspond to subjects S8 (left) and SI 1 
(right) when using VE2-R1. VE2 re 52x52 mm square, R1 = 50x50 mm square.
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Table 8.5 presents the number and percentages of repeatable FRs obtained for each one of 
the different configurations tested in this study. In general, the %RFR was found to be 
lower than 50% in 17 of the charts (35%), between 50-70% in 12 (25%) and higher than 
70% in the remaining 19 (40%) (see figure 8.21 for examples). There was only one of 
these cases where no repeatability of FRs was observed (shaded cell in table 8.5). These 
results show reasonable reproducibility of the overall pattern of FRs. It is believed that one 
of the main reasons affecting this parameter is related to variability in the position of the 
array and the return electrode between sessions. This variability is the result of human 
errors not only related to drawing the line and aligning the array with respect to it, but also 
in marking the position where the return electrode was placed. In addition, misplacement 
of the array may also be introduced while fastening the neoprene band. Other factors that 
might have affected the repeatability are intrasubject changes in skin impedance and 
tolerance to the electrical stimulation.
Finally, visual inspection of the charts revealed the existence of overlapping FRs in almost 
the totality of the cases (47 out of 48), which suggests the likelihood of reappearance of 
FRs in future sessions. Therefore, these overlapping FRs could potentially be used in 
future for array optimisation regardless of the repeatability of the FRs -  e.g. by defining 
subregions of VE positions, in order to reduce the size of the space over which the search 
for the adequate electrode position would be performed.
Table 8.5. Repeatability of the functional responses for each one of the VE-return electrode 
combinations per subject. RFR= number of repeatable functional responses, TFR = total number of 
FRs (repeatable + non-repeatable); %RFR= percent of FRs. VE1 w 40x40 mm square VE, VE2 »  
52x52 mm square VE, R l = 50x50 mm square return electrode, and R2 = 75 mm diameter rounded 
electrode. The shaded cell correspond to the case where no repeatability was apparent.
SI 15.0 30.0 50.0 14.0 15.0 93.3 17.0 27.0 63.0 10.0 15.0 66.7
S2 16.0 33.0 48.5 4.0 10.0 40.0 1.0 16.0 6.3 9.0 12.0 75.0
S3 9.0 27.0 33.3 1.0 6.0 16.7 15.0 30.0 50.0 12.0 15.0 80.0
S4 13.0 14.0 92.9 7.0 9.0 77.8 4.0 12.0 33.3 5.0 14.0 35.7
S5 17.0 23.0 73.9 5.0 14.0 35.7 26.0 35.0 74.3 15.0 15.0 100.0
S6 2.0 25.0 8.0 0.0 15.0 0.0 9.0 30.0 30.0 1.0 15.0 6.7
S7 9.0 24.0 37.5 12.0 15.0 80.0 18.0 33.0 54.5 6.0 15.0 40.0
S8 11.0 19.0 57.9 1.0 1.0 100.0 13.0 29.0 44.8 11.0 14.0 78.6
S9 12.0 17.0 70.6 10.0 13.0 76.9 17.0 32.0 53.1 10.0 15.0 66.7
S10 8.0 19.0 42.1 1.0 15.0 6.7 17.0 20.0 85.0 12.0 14.0 85.7
S ll 26.0 35.0 74.3 15.0 15.0 100.0 22.0 35.0 62.9 11.0 15.0 73.3
S12 19.0 30.0 63.3 7.0 14.0 50.0 23.0 33.0 69.7 14.0 15.0 93.3
MIN 2.0 14.0 8.0 0.0 1.0 0.0 1.0 12.0 6.3 1.0 12.0 6.7
MAX 26.0 35.0 92.9 15.0 15.0 100.0 26.0 35.0 85.0 15.0 15.0 100.0
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a) b) c) d) e)
Ftepeat ability Repeatability Repeatability Repeatability Repeatability
Xposition (Columns) Xposition (C d u m s )  X  position (Columns) Xposition (Columns) Xposition (Columns)
Figure 8.21. Different levels of repeatability of the FRs expressed as %RFR. a) 37.5% for S7 (VE1-R1); b) 
44.8% for S8 (VE1-R2); c) 50% for S3 (VE1-R2); d) 73.9% for S5 (VE1-R1); and e) 92.9% for S4 (VE1-R1). 
VE1 « 40x40 mm square VE, VE2 « 52x52 mm square VE, R1 = 50x50 mm square return electrode, 
and R2 = 75 mm diameter rounded electrode.
8.6. Conclusions, limitations and future work
The results of this investigation demonstrated that it is feasible to attain functional ankle- 
foot angular responses when using the array in a group of healthy volunteers and under the 
experimental conditions of this study. It is the author’s opinion that the high number of 
cases where functional responses were present (95 out of 96) can be partly attributed to the 
resolution and the overall size of the array, as these characteristics allowed for fine 
scanning of different VEs throughout a range of positions, which are not usually available 
when using either smaller arrays or arrays formed by coarse electrodes. Only a minority of 
the cases showed very low %FRs, yet it is believed that finer regulation of the intensity 
may have improved this parameter. One suggested means for doing this is to replace the 
existing digital potentiometer in the intensity regulation circuit by another one with a 
increased number of wipe steps. Unfortunately, due to time constrains this modification 
could not be accomplished, and therefore, it has been postponed for future developments.
Another important finding is that a variety of functional responses can be achieved just by 
steering only one single VE throughout the array, and by adjusting the stimulation intensity 
to a level whereby forceful contractions and selectivity are maintained. This aspect has an 
important implication in the future clinical use of the array, since it would enable tailoring 
of the FRs that conform better to the particular needs of each patient.
With respect to the topology of the FRs, it was found to be variable between different cases 
mainly as a result of intra and inter subject variability and slight differences in array 
aligment between and within subjects. This finding indicates that the task of finding the 
right stimulation points should not rely on ‘a priori knowledge’ or assumptions of the
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electrode position. Instead, it suggests that a high-resolution and larger array can be used to 
increase the probability of obtaining functional responses by covering the larger possible 
portion of skin under which FRs may take place. Nevertheless, the approach developed 
here also suggests that more complex hardware is necessary to drive large high-resolution 
arrays. Therefore, future developments must address not only the design and fabrication of 
a self-contained and further larger electrode array contained with an overall size suitable 
(or adjustable) for a larger population of subjects, but also the means for optimising the 
hardware. One potential alternative that may be worthy of future investigation is to assess 
the feasibility of miniaturising the existing hardware using technologies such as FPGAs, 
high voltage ASICs and low-power ICs. This aspect is further discussed in chapter 10.
Regarding repeatability of the FR distribution patterns, this study revealed that although 
the overall patterns of FRs may differ from day to day within subjects, some of the VE 
positions producing FRs overlapped in almost the totality of the cases (47 out of 48 charts). 
This likelihood of reappearance of FRs suggests that it is possible to define sub-regions 
that can be used later to optimise the use of the array by constraining the number of 
positions to be scanned. It is expected that such a reduction of the searching space within 
the array not only would decrease the amount of time necessary to find the correct position 
for the active electrode, but also it would be beneficial for those drop foot patients who 
usually experience rapid onset of fatigue with sustained contractions.
With respect to the limitations of this work, it should be borne in mind that this was a pilot 
study, and consequently, only preliminary results obtained from a limited number of 
subjects and trials are presented here. In addition, other shortcomings of the study are 
related to the criteria applied to evaluate the functionality of the responses: a) as discussed 
earlier it was partly derived from gait data collected from a very small sample of subjects 
(n=3); and it discards a group of ankle-foot responses that may be appropriate for some 
patients. For all these reasons, a formal study including a more adequate criteria for the 
judgment of the functional responses, as well as a larger sample of participants and number 
of interventions should be carried out in future investigations.
Owing to time constrains, another limitation of this study was that the effect of the VE and 
return electrode size on the selectivity and incidence of the responses was not investigated. 
In relation to this matter, it can only be concluded that it was possible to attain selective 
and functional responses with all the VE-return configurations evaluated in this work.
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However, no palpable overall differences between combinations of electrodes were spotted 
by visual inspection of the charts. The author is of the opinion that findings resulting from 
the evaluation of this aspect may lead to further improvements and better understanding of 
the approach proposed here. For this purpose, variables such as changes of skin impedance, 
muscle fatigue and positioning of the array and return electrode must be strictly controlled 
during future experiments.
Finally, another conclusion drawn from this investigation is that the Surrey Electrode 
Array System has demonstrated to be a potential valuable tool for the clinical evaluation of 
aspects related to the use of electrode arrays for optimising the electrode positioning task. 
From the point of view of the author of this work, the system can be potentially used in 
future for tailoring the response, defining stimulation regions for each particular patient, 
and evaluating how patients respond to electrical stimulation using different electrode sizes 
and positions before being prescribed with a FES system. In addition, it would facilitate the 
task of electrode positioning and also will be useful for training the patients on how to find 
the electrode position by themselves when using the open-loop array based system. For 
these reasons a further pilot evaluation of SEAS was carried out with a group of patients 
with drop foot, aiming to target their personal opinions about aspects such as the ease of 
use of the system, the stimulation sensation experienced and the effectiveness when 
seeking the right stimulation site when using different sizes of virtual electrodes.This study 
is the topic of the next chapter.
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Chapter 9 : Evaluation of SEAS with drop-foot patients
The last stage of this project encompassed a pilot study aiming to obtain preliminary 
feedback about how patients feel when performing the electrode positioning task using 
SEAS. For this purpose, the participants answered a questionnaire in which the perceptions 
about their current system and the proposed array-based approach were collected. Besides 
the patients feedback, the researcher also made annotations about his own and the 
clinician’s observations during each trial. All these sources of information were analysed 
in order to determine:
•  the level of difficulty experienced when scanning virtual electrodes using SEAS 
together with its user interface;
• the feasibility of finding electrode positions satisfying the responses expected by 
the patients;
•  the level of discomfort experienced when stimulated with virtual electrodes of 
different size;
• and the potential modifications to be considered for future developments.
In summary, this chapter first presents a brief review of the patient operating interface and 
the reasons behind this choice. Following this, the questionnaire used for collecting the 
patients’ feedback and the experimental protocol followed in this pilot study are described 
in detail. At the end, the results of this investigation are discussed, leading to a number of 
conclusions and directions for further work.
9.1. The patient operating interface: reasons behind this choice
The patient interface developed in this work was designed to ease the electrode positioning 
task using SEAS by combining a simple operating control with an audiovisual interactive 
environment. As mentioned in chapter 6 , the operating control consisted of a joystick 
intended for shifting the VE position to any direction (i.e. up, down, left, and right) within 
the effective area of the array. Other functions such as switching the stimulation on and off, 
and repositioning the VE to its starting point were also incorporated in the device.
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The rationale for the selection of the joystick is that, owing to its simplicity, it has been 
implemented for controlling several applications such as computer video games, industrial 
robots and machinery. In the field of assistive technologies, joysticks such as EasiTrax® 
and Roller II® (Traxys Input Products, Ringwood, UK) are commercially available for - 
individuals with motor impairments who find difficult to operate a computer using a mouse. 
Furthermore, the joystick has been reported in the literature as the most common driving 
operating interface between patients and powered wheelchairs [Cooper, 2000].
Other devices such as the PC mouse and keypads were also considered as potential 
candidates for the operating control of the proposed array-based system. Nevertheless, the 
mouse normally requires a flat hard surface to be operated at any time, whilst a keypad 
containing several buttons (at least six are required for this application) could be confusing 
and awkard to use. It can be argued that the joystick may be inappropriate for patients 
presenting with severe spasticity and tremor. According to Cooper [2000], these conditions 
could be a potential issue when using some types of joysticks (e.g. isometric and position 
joysticks) in applications such as driving a wheelchair, where maintaining the course of a 
trajectory in a stable manner is compulsory. However, in the case of this project the patient 
only requires to find the appropriate electrode position by shifting the VE step by step -  i.e. 
the input from the device is not required to be continuous and stable. Therefore, a 
microswitch based joystick was selected and then programmed to allow movement of the 
VE position only by one step in the direction of the inclined lever.
The joystick control was used in combination with an interactive multimedia environment 
which presents to its user a graphic interface and a set of audio messages not only to 
inform the patients about the current VE position and stimulation status (on/off) , but also 
to generate warnings for preventing motion of the VE beyond the array boundaries (see 
section 7.2.3 for further information). All this combined with the sensory cue experienced 
as the VE is shifted from one position to the other may be beneficial for some patients. The 
graphic interface was projected on a slide screen situated in front of the patient as shown in 
figure 9.1.
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Operating
Interface
(Joystick)
Return
electrode
Screen
(Graphic patient interface)
Figure 9.1. The Surrey Electrode Array System (SEAS) while being used by one of the patients
9.2. M ethods
This section describes the materials, equipment, subjects and methods involved in this 
study.
9.2.1. Subjects
Five patients with drop foot (4 males, 1 female, age ranging from 51 to 75 years), current 
users of the Odstock Dropped Foot Stimulator were recruited for this study. Table 9.1 
summarises the details of the patients who participated in this investigation. Once ethical 
approval was granted by the respective committee (see section 8.1 for further details), the 
participants were approached by their FES clinician at the Gait Laboratory of Queen 
M ary’s Hospital in Roehampton; who explained the aim and nature of the trials and 
provided them with a copy of the information sheet, and the contact details of the 
researchers.
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Table 9.1. Details of the patients involved in the study (information taken from the patients’ 
records with permission of their clinician). _______________________________________
Subject Age Sex Pathology Affected
side
Observations
PI 75 M MS Right • The patient is reluctant to use an AFO.
• This patient finds walking increasingly tiring, 
and uses two crutches as walking aid.
• Right leg very weak and foot dropping during 
swing.
• Hip circumduction.
• Conventional drop foot stimulation showed 
satisfactory results -  i.e. dorsiflexion with a 
little eversion, enabling better foot clearance 
during swing.
P2 51 M Ischemic
Stroke
Left • The patient uses AFO, but finds it 
uncomfortable and heavy.
• The patient expressed his concerns about 
stiffness, weakness of the affected limb 
during walking.
• The stimulator provides just enough 
dorsiflexion and eversion to enable foot 
clearance.
P3 55 F MS Left • Foot clearance diminished.
• Walking ability limited by problems such as 
weakness, stiffness, endurance, balance and 
fear of falling.
• During her first appointment she reported the 
use of a scooter and a wheelchair.
• The patient takes Baclofen to relief spasticity.
• She reported that electrode placement does 
not work as well some days as others.
• She wears tubigrip to stop the electrodes 
from peeling off.
P4 56 M Hereditary
Spastic
Diplegia
Left • Bilateral drop foot with the left side being 
more pronounced.
• Very limited knee flexion during swing.
P5 75 M Haemorragic
Stroke
Right • Flaccid drop foot.
• Tendency to equinovarus foot during swing, 
with toe catch at the beginning of this phase.
• Limited knee flexion with compensatory 
increased hip flexion.
• Treated with Botinum Toxin in 2003 due to 
marked inversion. Subsequently the patient 
tried AFO, which was unsuccessful.
• During the assessment of conventional drop- 
foot FES, this patient showed large eversion 
with poor dorsiflexion response, despite his 
adequate passive range of motion and fairly 
good active dorsiflexion.
9.2.2. The questionnaire
A simple questionnaire was the instrument used to compile the patients’ perceptions about: 
•  their own FES system (ODFS).
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•  Level of difficulty using the system for finding the adequate site for stimulation, 
once strapped on the leg.
• Comfort when using different virtual electrodes.
• Comfort while seeking the electrode position with the system, in general.
• Opinions about what is needed to make the system suitable for patients.
Table 9.2 outlines the structure of the questionnaire and its respective questions. It was 
divided into three sections:
The first section was indended for collecting information regarding the current FES system 
used by the patients. The questions targeted aspects such as frequency of use and period of 
time using the stimulator; ability to find the electrode position; electrode endurance; and 
general comments about their current device and the idea of incorporating a new method 
for electrode positioning.
The objective of the second section of the questionnaire was to determine the patients’ 
ability and level of comfort finding the electrode position with different VE sizes. Every 
patient was asked to complete this section of the questionnaire one time for each VE tested.
The third section was used to collect information regarding the acceptance of the proposed 
method for electrode positioning, as well as criticisms and suggestions for future 
developments. Refer to appendix O for the different forms corresponding to each section of 
the questionnaire.
The type of questions contained in the questionnaire were as follows; single-choice, 
eleven-point marking scale (from 0 to 10), dichotomous (yes/no), and open-ended. The 
type of questions and the assessment methods selected in this study were based on other 
clinical studies targeting patients’ feedback about a commercial drop foot stimulator 
[Taylor et al., 1999a], and a real-time biofeedbaclc system for amputee rehabilitation 
developed at the University of Surrey [West, 2006].
It is important to emphasise that due to the inability of some patients to write the answers 
of the sheet by themselves, the questionnaire was responded in the presence of the 
researchers. However, this non-anonimity allowed the analysis of the answers given by 
patients in combination with the experimental observations made by the researchers, 
leading to a better interpretation of the results.
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Table 9.2. Questions contained in the three sections of the questionnaire applied to the 
patients.__________________________________________________________________________
Section Type of 
question
Q uestion A nsw er fo rm a t
I Single choice How long have you been using the 
stimulation for?
Less than 3 months £3  
3 months to 6 months □  
6 months to 1 year f~| 
M ore than 1 year Q
How often do you use the 
stimulator?
Everyday □  
Five days a w eek  r~| 
Three days a w eek  □  
One day a w eek  Q  
Other □
I f  other, please specify:
How long does it normally take you 
to find an acceptable electrode 
position ?
Less than 5 minutes □  
Between 5 and 10 minutes □  
Between 10 and 20 minutes □  
More than 20 minutes □
How long does each pair of 
electrodes last?
Less than 2 weeks Q  
Between 2 and 4 weeks Q  
Between 4 and 8 weeks Q  
More than 8 weeks □
Eleven-point 
marking scale
How did you find the task of 
electrode positioning ? □  □ □ □ □ □ □ □ □ □ □0 1 2 3 4 5 6 7 8 9 10 
It could not be It could not 
more difficult be any easie:
Dichotomous Do you think that a new method for 
electrode positioning is necessary ?
Y e s  □  N o  □
Open-ended Do you have any general comments 
on t h e  stimulation system that you 
currently use ?
Blank space
II Eleven-point 
marking scale
How did you find the task of 
electrode positioning with the 
array-based system ?
□  □ □ □ □ □ □ □ □ □ □
0 1 2 3 4 5 6 7 8 9 10 
It could not be It could not 
more difficult be any easie
Eleven-point 
marking scale
How com fortable was the 
stimulation while seeking the 
electrode position ?
□ □ □ □ □ □ □ □ □ □ a
0 1 2 3 4 5 6 7 8 9  10 
Not as More 
comfortable as comfortable 
using tbe thanusina 
ODFS the ODFS
Dichotomous Could you find any electrode 
position as good as the one you find 
when using your conventional 
system ?
Y e s  □  N o  □
III Dichotomous W ould you like to see this method 
o f finding the electrode position 
included as part o f your current 
stimulation system ?
Y e s  □  N o  □
Open-ended Apart from  portability, what other 
aspects do you think that need to be 
improved in the system ?
Blank space
Open-ended If you have any additional 
comments about the array-based 
system and/or the trials undertaken, 
please write them down.
Blank space
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9.2.3. Trials
There was one trial per patient, lasting for 90 minutes maximum. The experimental
sessions were carried out in the Gait Laboratory of the Queen M ary’s Hospital, in
Roehampton London.
9.2.4. Experimental Protocol
i. The patient was asked to sit and relax, resting his/her affected limb in the leg 
support (figure 9.1).
ii. The researcher provided the patient with an information sheet, and then explained 
the aim of the study and how the experiment was going to be conducted. Then, the 
participant signed a consent form (refer to appendix K).
iii. Before starting the trial the patient was asked to complete the first part of the 
questionnaire in order to obtain the perceptions about the use of his/her current 
system. As mentioned earlier, in those cases where patients had difficulties 
completing the questionnaire due to their restricted motor skills, the researchers 
helped them to transcribe their verbal answers into the forms.
iv. If  the patient was wearing his/her stimulator before starting the experiment, both 
the device and its components were removed, leaving only the return electrode in 
place. Otherwise, the patient’s skin was cleansed with alcohol wipes, and the 
patient was asked to don the device and its electrodes as he/she does at home. Once 
the patient found the position of the electrodes, the removal of process was 
performed as described above. In both cases, the position of the electrodes was 
marked with non-permanent ink prior to removal.
v. The array was placed over the skin so that its middle portion covered the position at 
which the active electrode was located. Apart from this, the whole procedure for 
attaching the array to the patient was the same described in chapter 8 .
vi. The array was plugged into the system. At this stage, the investigator verified that 
the array and electrodes were properly attached to the subject, as well as the output 
of the stimulator was off and its level set to minimum.
vii. A VE was randomly selected (i.e. the three available VE sizes were written in three 
small pieces of paper folded several times, and then the clinician picked one). It is 
important to emphasise that in this study the smallest VE size was also included, as 
some patients with reduced sensory function are able to tolerate sensation. Thereby, 
the three sizes of VE described in section 8.2.2 were tested in this study.
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viii. The researcher determined the maximum stimulation threshold with the current VE 
by increasing the stimulation intensity step by step at each one of the four corners 
of the array. As mentioned in the previous chapter, the maximum value for 
stimulation (ITT) was configured in the system as the number of steps at which the 
tolerance limit was reached minus one.
ix. The researcher configured the ramping time at minimum (250 ms/step) as well as 
the ITT in the system. At the end of this process, the researcher activated the patient 
operating interface, so that the graphic user application was projected on a slide 
screen situated just in front of the participant.
x. The patient was instructed on how to use the interface and was given time for
training until he/she felt ready to operate the system. After this training time, the
trial started and the patient operated the interface to search the best position for the 
given VE, in accordance to his/her own expectations.
xi. After testing a VE shape, the patient was given with a rest prior to testing the
following VE size. During this period, the patient was asked to fill the second part
of the questionnaire for the VE size that he/she had just tested. Once this section 
was completed, the procedure started again from step vii.
xii. Once all the three available VE sizes were tested), the patient was asked to 
complete the last section of the questionnaire.
xiii. At completion of the trial, the three sections of the questionnaire were stapled 
together and labeled with the patient code (e.g. P I for the first patient).
9.3. Results
9.3.1. Criteria for analysing the answers to the questionnaire
W hat follows is a description of the method used to analyse the responses to the 
questionnaires.
Frequency
In this context, the frequency is a positive integer which represents the number of patients 
who gave a particular answer per question. The maximum value for this parameter is equal 
to the sample size (n=5 for this study). The frequency was obtained for all the questions to 
determine the trends of the responses. In the case of the open-ended and scaled questions,
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classification of the responses in different groups was necessary prior to determination of 
the frequency.
Analysis o f the eleven-point marking scale questions
For interpretation of the answers to this type of questions, the scale was partitioned in two 
halves (figure 9.2). It can be viewed as a balance control where the scale was inscribed 
between two sentences. This enabled the patients to select the score that most represents 
the direction and intensity of his/her perceptions.
In the case of the question addressing levels of comfort (question No. 2 of part II), the 
midpoint (i.e. score 5 in the scale) indicates that the sensation experienced by the patients 
with a given VE size is similar to that experienced when using his/her own system (figure 
9.2a). Hence, the scores situated at the left side of the midpoint indicates that the 
stimulation experienced with a given VE was less comfortable than that felt with the 
conventional electrodes and stimulator. On the contrary, when the scores are situated at the 
right side of the scale, it indicates that the stimulation with a particular VE was more 
comfortable than experienced using the Odstock Dropped Foot Stimulator.
Likewise, in the case of the questions addressing the electrode positioning task (questions 3 
and 1 of parts I and II respectively), the midpoint of the scale indicates that the electrode 
positioning task is neither difficult nor easy (figure 9.2b). As the score values are situated 
at the left of the scale, the task becomes more difficult; whereas in the opposite case, the 
task tends to be easier.
a) Simla-oonfcrt Natha-difficult nor easy
4 4
□ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □
Not as 
comfortable 
using the
More It could not be
comfortable m0re difficult
than using
0 1 2 3 4 5 6 7 8 9 10
It could not 
be any easier
ODFS Less
ocrrfataHe
M re
oorrfcrtdble
the ODFS The task tends
tobemae
difficult
The task tends
tobe
easier
Figure 9.2. Method of assessment of the eleven-point marking scale questions related to levels of comfort and 
the difficulty experienced when using either their conventional system or SEAS.
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9.3.2. Responses to the questionnaires
Response rate
All the participants responded to the three sections of the questionnaire. Nevertheless, 
some of the open-ended questions in different parts remained unanswered by some of the 
respondents.
Part I: Use o f stimulation and perceptions o f  the current system
Tables 9.3 to 9.5. list the answers to the questions related to the opinions of patients about 
their conventional FES system.
Table 9.3. Feedback about use of the current stimulator, electrode positioning and endurance.
Question Answers Frequency
How long have you been used the 
stimulator for ?
Less than three months. -
3 to 6 months. 1
6 months to 1 year. 2
More than 1 year. 2
How often do you use the 
stimulator?
Everyday. 5
Five days a week. -
Three days a week. -
One day a week. -
Other. -
How long does it normally take you 
to find an acceptable electrode 
position ?
Less than 5 minutes. 3
Between 5 and 10 minutes. 2
Between 10 and 20 minutes. -
More than 20 minutes. -
Do you think that a new method for 
electrode positioning is necessary ?.
Yes. 4
No. 1
How long does each pair of electrode 
last ?
Less than 2 weeks. 1
Between 2 and 4 weeks. 3
Between 4 and 8 weeks. -
More than 8 weeks. 1
Table 9.4. Level of difficulty finding the electrode position with the conventional approach.
Question Scores
PI P2 P3 P4 P5
How do you find the task electrode positioning ? 8 3 3 7 3
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Table 9.5. Answers to the open-ended question as given by the patients grouped in three 
different categories. The abbreviation NA stands for ‘not answered question’.______________
Question: Do you have any general comments on the stimulation system that you 
currently use ?.
Patients Beneficial
comments
Electrode positioning 
problems
Other issues
PI “It is very helpful”.
“I Would be ‘staggering 
about’ without it”
No comment No comment
P2 “It gives me much more 
mobility”.
“Electrode placement is 
a pain”
“the footswitch 
wire get caught and 
become unplugged 
when walking”
P3 “It is very helpful”. “The electrode position 
appear to vary from day 
to day”
“A smaller box 
would be nice”
P4 NA
P5 “Happy with FES” “It is difficult to find the 
right position for the 
electrode”
No comment
Part II: Perceptions o f the Surrey Electrode Array System
Tables 9.6 to 9.8 display the reponses to the questions related to difficulty, ability and 
comfort experienced while performing the electrode positioning task with each one of the 
VEs available when using SEAS.
Table 9.6. Level of difficulty when operating SEAS with the small (ftf 28 x 28 mm), medium 
(&* 40 x 40 mm) and large (& 52 x 52 mm) VEs.________ ______________________
Question VE size Scores
PI P2 P3 P4 P5
How did you find the task Small 10 5 8 7 10
of electrode positioning 
with the arrav-hased Medium 10 5 7 7 10
system ? Large 10 6 6 7 10
Table 9.7. Patients’ ability of finding the electrode position using the small 28 x 28 mm), 
medium (fo‘ 40 x 40 mm) and large (ft! 52 x 52 mm) VEs.
Question VE size Answer Frequency PI P2 P3 P4 P5
Could you find any 
electrode position(s) as 
good as the one you find 
when using your 
conventional system ?
Small Yes 2 X X
No 3 X X X
Medium Yes 3 X X X
No 2 X X
Large Yes 4 X X X X
No 1 X
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Table 9.8. Level of comfort experienced with the small 28 x 28 mm), medium (W 40 x 40 
mm) and large 52 x 52 mm) VEs.
Question VE size Scores
PI P2 P3 P4 P5
How comfortable was the 
stimulation while seeking 
the electrode position ?
Small 7 3 6 5 10
Medium 5 5 1 5 10
Large 9 5 8 7 10
Part III: Acceptance o f the proposed array-based approach and suggestions
Tables 9.9 and 9.10 list the responses to the questions related to the acceptance of the 
proposed system as an alternative to relieve the electrode positioning task, and the potential 
improvements as suggested by the participants. With respect to the last question, targeting 
additional comments about the system or trials, none of the patients provided answers.
Table 9.9. Acceptance of the approach.
Question Answer Frequency PI P2 P3 P4 P5
Would you like to see this method of 
finding the electrode position included 
as part of your current stimulation 
system ?
Yes 5 X X X X X
No -
Table 9.10. List of potential improvements for SEAS.
Patient Comments
PI “Not having to carry the joystick around”
P2 “Patient ability to adjust the intensity”
P3 “The system must account for fatigue which is usually an issue in MS people” 
“Improve the intensity adjustment method (the ramp was a bit slow)”
P4 NA
P5 “To be able to tune the electrode position up while walking”
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9.4. Discussion
W hat follows is the analysis of the results obtained from the questionnaires applied to the 
participants. As mentioned earlier, additional information taken by the researcher during 
the course of each trial was also considered for this analysis. These notes contained 
information compiled from the patients’ records, oral feedback given by the patients, the 
own researcher observations and those of the clinician during the experiments. Apart from 
the responses to the questionnaire, other aspect discussed at the end of this section is the 
variability of the positions producing the functional responses expected by each patient.
9.4.1. Responses to the questionnaire
Use o f  F E S  a n d  g en era l percep tion s o f  th e  co n ven tio n a l system
As mentioned earlier, the responses to the first section of the questionnaire (tables 9.3 to 
9.5) provided information related to the current state of these patients using their 
conventional systems. These answers were useful to determine the benefits and 
disadvantages of the ODFS as observed by this group of patients. The findings from this 
part of the questionnaire were summarized as follows:
• The majority of the patients (four out of five) have been using the electrical
stimulator for longer than six months. Two of these patients started to use the 
stimulator more than one year before the study (according to the records about five 
and three years respectively). Only one participant began to use the stimulator less 
than six months before the date of the study.
• All the patients have been using their stimulator on daily basis.
• The duration of the electrodes range between two and four weeks in the majority of 
these patients.
•  Most of the patients made positive comments about the system emphasizing the 
usefulness of FES for their activities of daily living.
• The patients also reported on problems related to the current technology such as the
size of the stimulator, cables disconnection and electrode position. With respect to 
the latter, the results indicated that the time invested by the participants when 
performing this task with the conventional system is usually between five and ten 
minutes. However, a majority of the patients reported electrode positioning as the
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major difficulty experienced when setting up their stimulator on daily basis (table 
9.4). This topic is further discussed in the following subsection.
P ercep tion s o f  th e  S urrey E lectrode A rra y  S ystem
Electrode positioning task: conventional method vs. SEAS
The responses to the question estimating the time usually spent to find an adequate 
electrode position with the conventional system (third question listed in table 9.3), 
indicated that all the participants are often capable of doing this task relatively quickly with 
their own stimulator. However, the responses given by all the patients to the question 
assessing the level of difficulty finding the right position of the electrodes when using the 
ODFS (table 9.4) revealed that three of them (P2, P3 and P5) find this task difficult (score= 
3). During conversations sustained with the researcher and clinician, two of these patients 
(P2 and P3) expressed that one of the reasons making this task more complicated is that the 
right position for the electrodes differs from day to day.
Another important finding is that four out of the five participants expressed the need for a 
new approach to aid electrode positioning, as indicated by the answers to the question 
intended to evaluate the patients’ acceptance of incorporating an alternative method to 
perform this task (fourth question listed in table 9.3).
With respect of the level of difficulty experienced finding the electrode position with 
SEAS, the results indicated that the majority of the respondents found this task easier when 
using this system (scores > 6 in table 9.6). For one patient (P2) the scores were smaller 
(scores=5) for both the small and medium VEs, indicating that the positioning task was 
neither difficult nor easy for these electrode sizes. The increased level of difficulty 
observed in this particular patient can be mainly attributed to his limited tolerance to 
electrical stimulation. According to his clinical record, this participant have previously had 
skin reaction to stimulation and he stopped using his conventional device for three months 
until the day of the trial. Nevertheless, in comparison with the case of the conventional 
system, the results obtained for this patient indicates that he still found the positioning task 
less difficult when using the array-based system.
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Feasibility o f  finding the right position for the electrode using SEAS
When using the large VE, four of the respondents (P2,P3,P4 and P5) indicated their 
success finding electrode positions that according to their own perception were as ‘good’ 
as those usually obtained with their conventional system (table 9.7). Only one respondent 
(PI) indicated the opposite. In this case the researcher and clinician noticed that this patient 
also attained the expected response to stimulation (i.e. strong dorsiflexion with the foot 
slightly inverted), although he did not realise this as his attention was mainly focused on 
the use of the joystick and the position of the VE on the screen. In addition, it was also 
observed that the strength of the electrically induced ankle-foot responses decayed due to 
muscle fatigue. It is believed that the latter was partly caused by the uninterrupted 
application of electrical stimulation while seeking the electrode position (although the use 
of the stimulation ON/OFF switch was explained to the patient, he never turned the 
stimulation OFF while steering the VEs during the trial). In addition, other factors such as 
the age of this participant, the current state of his pathological condition, and his resting 
state before commencing the trials (the patient reported that he walked to the hospital) may 
have accelerated the onset of fatigue. In spite of these issues, the author of this work is of 
the opinion that the lack of awareness of appearance of FRs may be overcome by 
presenting the graphical interface in a smaller display that can be positioned in alignment 
with the patient’s visual trajectory of the foot. Thereby, both the current position of the VE 
and the motion of the stimulated ankle-foot can be quasi-simultaneously monitored by the 
patient. It is also believed that further training using the operating interface may contribute 
to enhance the ability of patients to operate the system and identify quickly the VE 
positions producing adequate responses to stimulation. In addition, optimization of the 
array by reducing the searching space to a limited number of positions at which functional 
responses are likely to reappear may also contribute to improve the outcomes of the 
electrode positioning task in patients who often experience rapid fatigue.
When using the medium VE size, three out of the five patients (P2,P4 and P5) managed to 
find electrode positions as good as the one usually found when using their own FES device. 
Of the remaining two, patient P I reported again on his unsuccessful attempts to find a 
position producing the response that he expected to obtain. As mentioned earlier, this can 
be attributed to the same causes discussed above. With respect to patient P3, it was noted 
that initially she only attained responses showing strong dorsiflexion accompanied by 
either strong eversion or inversion. This failure to attain balanced dorsiflexion responses in
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this particular case could have been caused by the use of an inappropriate stimulation 
amplitude (i.e. too high). In addition, this patient indicated that the experienced sensation 
to stimulation was more unpleasant when using this size of VE. It was also observed that 
the responses attained by this patient became weaker after few VE shifts, as a result of 
muscle fatigue. In this case it would also be beneficial to optimise the electrode positioning 
task by scanning the VE within a predefined sub-region of the array.
Two patients (P3 and P5) managed to find electrode positions producing adequate foot 
movement when stimulating with the small VE. Of the remaining three patients, P2 
exhibited weak responses at all the VE positions available in the array. As mentioned 
earlier, this patient communicated that stimulation with this VE was uncomfortable. Patient 
P4 also indicated failure to attain the expected response when using the small VE. In this 
case, the researchers also noted that only weak responses appeared at all the available 
positions for this virtual electrode. When comparing the levels of intensity selected for the 
different VEs by this patient (see table 9.11 below), it can be concluded that the amplitude 
threshold used for the small size during the trial could have been insufficient to elicit 
strong responses. It was determined that the inability of finding an electrode position as 
good as the one found with the conventional system in these two subjects resulted from the 
discomfort caused when stimulating with this VE. Patient PI also reported failure to find a 
good electrode position. In this case, no visual responses were observed.
Stimulation sensation
The previous paragraphs indicated that amongst other factors, the feasibility of finding the 
electrode positioning was partly related to the stimulation sensation. The answers to the 
question targeting this aspect (table 9.8) indicated that the stimulation experienced by four 
of the five respondents (PI, P3, P4 and P5) with the large VE was by far more comfortable 
than the usually experienced with the conventional electrodes (scores > 7). In addition, it 
can also be seen that this VE size produced the best sensation in comparison with the other 
two.
When comparing the level of comfort experienced with conventional electrodes and the 
medium VE, three of the respondents (P1,P2 and P4) found the sensation to be similar 
(scores = 5). Of the remaining two patients, one (P3) found the stimulation not as
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comfortable as the experienced with conventional electrodes (score = 1), whereas the other 
(P5) found the sensation much more comfortable (score =10).
When using the small VE, three of the respondents (PI, P3 and P5) found the stimulation 
sensation more comfortable (scores > 6), and another one (P4) similar to that experienced 
with the conventional electrodes. In relation to this controversial result, it should be borne 
in mind that the intensity thresholds defined by participants P I and P4 for this VE size 
during the experiments were much lower than the used with the other VEs (see table 9.11), 
to the point that no visible contractions were attained. The latter indicates that in reality 
when using this VE, these participants could not tolerate stimulation thresholds as used to 
generate functional responses with the conventional electrodes and the rest of the VEs.
It is also important to emphasise that the reliabily of the answers to the question formulated 
to assess the level of comfort may be limited by a reduction in the patients’ sensitivity to 
electrical stimulation. Perhaps this was the case of patient P5, who found the levels of 
comfort for all the VEs to be identical (score =10).
As expected, the remaining patient (P2) found the stimulation with the small VE less 
comfortable.
Table 9.11. Intensity threshold for each patient when testing the small (&> 28 x 28 mm),
medium 40 x 4t mm) and large (ft 52 x 52 mm) VEs.
Initensity (steps)
Patient small medium large
PI 22 32 34
P2 19 22 22
P3 13 16 16
P4 15 20 22
P5 21 22 20
Acceptance o f the Surrey Electrode Array System and suggestions for future versions
The answer to the questions contained in the last part of the questionnaire indicated that all 
the patients were in consensus on incorporating the proposed array concept as part of their 
conventional portable system. However, this group of participants also made comments on 
a number of aspects (see table 9.10) that will lead to the development of enhanced versions 
of the system. A number of potential modifications are given below:
• The intensity regulation stage need to be modified in order to decrease the ramping 
time.
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•  A smaller version of the joystick should be developed in order to ease for 
portability and to allow patients to adjust themselves the stimulation intensity. The 
latter is of particular importance since both the strength of the muscular 
contractions and the sensation induced by stimulation can vary with the position 
of the VE for a constant value of amplitude.
• Another important of particular interest for MS patients is that the system must 
account for muscle fatigue. As mentioned earlier, the author of this work is of the 
opinion that as a starting point this issue can be addressed by reducing the size of 
the searching space to a sub-region of the array -  i.e. a number of VE positions to 
be scanned along the array where the expected responses to stimulation are likely 
to reappear.
• One of the most important aspects reported by patients is that the system must 
provide a means for tunning the VE position while walking.
9.4.2. VE positions versus functional responses
Another aspect observed during this study was the perceptible inter-patient variability of 
the VE positions producing functional responses (table 9.12). This can be mainly attributed 
to the differences between these responses, as the functionality in this study refers to the 
particular expectations of each patient in accordance with their individual demands of what 
is required to improve walking. Other factors that may also have an effect on the variability 
between VE positions can be associated with the intrinsic anatomy of the patients and 
variations in array placement. This can be corroborated when comparing the results of 
patients P2 and P4, where the positions of the VEs were different regardless of the 
similarity between the expected functional responses. In the case of patient P4, the 
response obtained was similar regardless of notable difference between positions. A 
possible explanation to this unexpected result could be attributed to actual array placement 
(as distinct from the representation shown in the pictures) -  i.e. most of the effective area 
of the array was shifted towards the part o f the skin mainly covering the peroneal muscles 
and the superficial branch of the nerve.
225
Chapter 9 Evaluation o f SEAS with drop- foot patients
Table 9.12. VE positions producing the best responses as observed by the researchers during 
the trials with the small 28 x 28 mm), medium (fc 40 x 40 mm) and large (fc 52 x 52 mm) 
VEs.
Patient Expected
response
Leg VE1 
(medium)
VE2
(large)
VE3
(small)
PI Dorsiflexion 
beyond neutral 
with little 
inversion
Right
P2 Strong
dorsiflexion with 
little eversion
Left
No functional 
responses 
attained with this 
VE.
Functional 
responses 
attained at 
all positions 
available
No functional 
responses 
attained with this 
VE
P3 Dorsiflexion
beyond neutral 
with the foot 
balanced 
between
inversion and 
eversion
Left No functional 
responses 
attained with 
this VE
P4 Strong
dorsiflexion with 
some eversion
Left No functional 
responses 
attained with this 
VE
P5 Little
dorsiflexion with 
some eversion
Right
9.5. Conclusions and future work
This chapter described the methodology and the results associated with a preliminary study 
performed to determine the feasibility of use of the SEAS. A simple questionnaire was 
designed not only to obtain feedback about the perception of the patients’ stimulation 
system, but also to allow comparisons of the proposed array-based approach and the 
conventional system in terms of the ease of finding adequate electrode positions and 
sensation to stimulation. In addition, the questionnaire targeted patient’s comments leading 
to future improvements of the SEAS.
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With regards to the conventional FES system, the feedback obtained from the patients was 
positive as they described the device as beneficial and expressed their willingness to use 
the stimulator as an orthotic aid on daily basis. However, the majority of the participants 
also expressed that they find the electrode positioning task using conventional electrodes 
difficult.
Although the ankle-foot responses to stimulation were not quantified in this study, both 
answers to the questionnaire and visual inspection indicated that all the participants found 
electrode positions producing adequate responses for at least one of the VE sizes under 
investigation. Furthermore, the majority of the patients answered that the electrode 
positioning task was easier when using SEAS.
It terms of the electrode size, it was found that the large VE satisfied the expectations of 
more patients in relation to the attainment of the desired response. This can be partly 
attributed to the higher tolerance to stimulation experienced with this VE. For the 
remaining two available sizes, the results indicated that more patients obtained a functional 
response when using the medium VE. However, the answers to the question targeting 
sensation revealed that more patients experienced more comfortable stimulation when 
using the small VE rather than when using the medium size. This discrepancy may be the 
result o f a number of factors such as the differences between the levels of intensity used 
with both VEs, the inter-subject variability of the expected response, and the potential 
deterioration of the sensory nerves in one patient.
Another important finding of this investigation is that the right position for the electrode 
generating adequate responses varied between subjects and between VEs. This variability 
can be expected if  considering factors such as the intrinsic characteristics of the particular 
responses demanded by each patient, variations in array placement over the skin with 
respect to the nerve branches and motor points, and the relationship between the VE size 
and the anthropometric characteristics of each subject.
In summary, it can be concluded that when comparing the open-loop approach proposed in 
this project and its conventional counterpart, the former provided the patients with a 
feasible means for finding the electrode positions inducing adequate responses to electrical 
stimulation in an easy manner and with similar 01* improved comfort. However, in few 
cases the answers to the questionnaire reflected that some patients unsuccessfully
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attempted to find a position producing adequate responses for a particular VE, as a result of 
a number of factors. These issues were identified by the researcher as follows:
• Lack of awareness of the position of the stimulated ankle-foot and incorrect use of 
the operating interface. These issues resulted in misleading interpretation of the 
obtained responses and rapid onset of fatigue.
• Selection of inadequate levels of stimulation and experienced discomfort.
• Ageing, the overall state of health, and the characteristics of the pathological 
condition of each patient.
At the end of each session all the participants expressed then* eagerness of using the open 
loop array-based positioning method if  it was to included as part of their conventional 
system. Despite this satisfactory evidence of acceptance, the patients identified some issues 
to be considered during the development of future versions of the system. It is believed that 
these shortcomings and the two former outlined by the researcher can be potentially 
addressed in future work by:
• Providing the patients with further training sessions before starting to use the 
system.
•  Making a portable system with the following specifications:
o  the operating and audiovisual interfaces must be integrated together in one 
unit, so that they can easily be aligned with respect to the visual trajectory 
of the stimulated ankle-foot; 
o the intensity control must be included as part of the audiovisual operating 
unit;
o the system must allow the clinician to configure the system remotely (e.g.
creation of sub-regions, and adjustment of stimulation parameters, 
o The stimulator and the array must be incorporated together in a self- 
contained bandage or sleeve, 
o the system must provide a wireless interface between the stimulator/array 
unit, the sensors and the audiovisual operating unit.
However, before making these changes in the system, it should be borne in mind that the 
pilot study described here was envisioned to collect the preliminary impressions about the
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Surrey Electrode Array System from the patients’ perspective. The questionnaire applied to 
the patients has a number of limitations:
• It involved a small sample of respondents, so that generalizations and definite 
conclusions about the results can not be made.
• Because of the restricted ability of some patients to write the answers by
themselves, the questionnaire was not anonymous.
• Due to time constrains, it was not possible to run a pilot test for the questionnaire, 
which would have been useful not only for evaluating its reliability, but also for 
detecting any questions that potentially need to be written in a clearer manner.
• The non-anonimity which may lead the patients to provide biased positive
responses to please the researchers.
Hence, a study involving a larger number of participants and a validated questionnaire 
must be carried out prior to the clinical use of the more sophisticated portable version.
The author is of the opinion that future investigations must also focus on the evaluation of 
a closed-loop strategy for readjusting the VE position during walking, since the response of 
the stimulated foot may change due to dynamic variations in the physical position of the 
array caused by movement of the skin with respect to the nerve.
Having discussed the methods and the results linked to this study, the very last chapter of 
this dissertation is dedicated to a summary of the whole project, final conclusions, 
limitations and directions for future work.
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FES has been used to correct drop foot for several decades, with the most commonly used 
approach being single-channel stimulators with surface electrodes applied to the skin. The 
literature review carried out as one of the objectives of this investigation highlighted two 
important facts:
• The main problem still faced by patients prescribed with surface FES devices is the 
time-consuming and tedious task of electrode positioning. This issue has been 
reported in previous investigations as the main reason of disuse of these systems.
• Although recent advances in implantable devices can provide an alternative 
solution to this problem, the use of this technology may not be appropriate for 
patients presenting with unstable neurological conditions.
Besides, the literature review revealed that electrodes arrays have also been proposed by 
other researchers as a potential solution to overcome the existing limitations of 
conventional surface systems. However, a number of problems associated to array design, 
inadequacy of existing user interfaces and lack of appropriate control strategies and sensors 
still remain. This motivated the author of this work to undertake research on this field, in 
order to explore and provide solutions to some of the existing issues, particularly those 
related to array design and the lack of operating interfaces that can be used by patients to 
find an appropriate position for the stimulating electrode by themselves. Therefore, as 
stated in chapter 1, the overall aim of this project was to develop and evaluate an open- 
loop array concept as part of a programme of work directed at fabrication of a portable 
device that can be used in future to ease for the electrode positioning task on a daily basis. 
This led to the formulation of a research hypothesis (divided into two parts) which was 
first stated in chapter 1 as follows:
• The Surrey Electrode Array System (SEAS) will provide a means for the utilization 
of virtual electrodes that can be electronically created and shifted over the area of 
the skin under which the conventional active electrode is usually located, in order 
to produce functional responses to electrical stimulation applied to healthy 
volunteers in the seated position.
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•  The system will allow patients with drop foot to find the adequate electrode 
position in an easier manner than the existing method to place surface clinical 
electrodes.
In order to achieve the aim of the project, a number of objectives were also established in 
the first chapter of this dissertation, and can be summarised as follows:
• To design and fabricate an appropriate array suitable for the implementation and 
‘steering’ of ‘virtual electrodes’ intended for drop foot correction.
• To develop the hardware/software necessary to enable the electrode array to be 
coupled with a functional electrical stimulator.
• To develop a user interface, suitable for clinicians and patients to select and steer 
the virtual electrodes.
• To evaluate the proposed system with healthy volunteers and patients with drop 
foot, in order to test the research hypothesis of this investigation.
This chapter first presents a number of conclusions linked to the aim, objectives and 
hypothesis of this project, in order to verify how well they were accomplished. At the end, 
aspects such as the main limitations encountered during the development of this work as 
well as future directions to address such shortcomings are outlined.
10.1. Design and fabrication of the Surrey Electrode Array System
The accomplishment of the overarching goal of this project first demanded the availability 
of an appropriate electrode array allowing for selectivity and uniform current density 
distribution. A review of available methods for the design of electrodes arrays was 
completed and a decision was made to develop simple finite element models to aid the 
estimation of the aforementioned parameters in a cross sectional area of simulated tissue. 
The inputs to these models were derived from the literature review and comprised 
electrical (i.e. conductivity) and/or geometrical (i.e. height, width) characteristics of the 
conductive pads of the array, the electrolyte (i.e. self-adhesive gel), the involved layers of 
tissue, and the interelectrode distance. A number of simulations were performed for two 
different types of arrays and gels at different stimulation amplitudes. After analysing the 
results, it was concluded that an array formed by 2mm x 2mm pads interspaced by a 
distance of 4 mm together with the low conductive electrolyte (a = 0.0033 s/m, 0.889 mm 
thick) will provide acceptable selectivity and uniform CDD. The use of these models also
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contributed to a better understading of the influence of the array-gel properties on the CDD 
and the focality of the stimulation.
Another crucial stage for the determination of the array parameters was the electrical 
comparison of the four array-gel combinations versus a commercially available electrode 
of similar dimensions. Such a comparison involved the electrical characterisation of these 
electrodes using an experimental setup based on a resistive-capacitive model of the skin. 
The values for the passive components forming part of this circuitry were carefully chosen 
from the existing literature. The array and the conventional electrode were tested; first 
using a low-voltage sinusoidal waveform swept over a range of frequencies, and then using 
the high voltage output of the stimulator used in this project. The reliability of the 
measurements was verified prior to the experiments by plotting together the frequency 
response values obtained from experimental measurements with no electrode and those 
resulting from simulation of the circuit. The results demonstrated that the electrode array 
configurations did not distort the output waveform in terms of shape when compared to the 
obtained with the conventional electrode, yet the intensity was increasingly attenuated as 
the size of the pads and the conductivity of the gel decreased. Finally, it was concluded that 
the combination of the array formed by the smallest conductive pads and the low 
conductive gel was the best in terms of the integrity of the shape of the output waveforms, 
although it exhibited the greatest attenuation.
A flexible PCB final prototype formed by the smallest pads, larger inter-electrode gaps and 
low conductive gel was subsequently fabricated. Following this, microcontroller-based 
hardware and multithreaded PC software were developed to drive the array. The system 
called SEAS (Surrey Electrode Array System) was envisioned to provide users with an 
audiovisual interface intended for guiding the electrode positioning task and creating 
virtual electrodes of different sizes that can be steered throughout the effective area of the 
array. It also included a sensor interface, data acquisition capabilities and automatic 
sequential scanning of virtual electrodes. It is believed that the combination of these 
features makes of SEAS a potentially valuable tool for the experimental and clinical 
assessment of electrode arrays containing no more than 12 elements per row and 10 
elements per column.
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10.2. Evaluation of SEAS with healthy volunteers
A study with 12 normal subjects was carried out in order to determine the feasibility of the 
proposed array for the generation of selective and functional responses. The experiments 
encompassed charting of the ankle-foot responses at all the positions available within the 
array when stimulating with different combinations of VEs and return electrodes. The 
sensor chosen for this application was a flexible electrogoniometer; which after being 
evaluated with these participants demonstrated to be accurate, repeatable, and reasonably 
valid. Software in MATLAB was developed and then used to generate the charts of FRs. 
For the latter purpose, a crude and conservative functional criterion was defined as a 
starting point. Such a criterion was based on the opinions of FES practitioners, on gait data, 
and on the opinion of FES experts.
The results of this study revealed that FRs were attained for all the participants for at least 
one combination of virtual and return electrodes. It was also noted that FRs of different 
angular characteristics were obtained at various VE positions and intensity levels. This led 
to the conclusion that when using the array developed in this project the FRs can be 
tailored in accordance to the particular needs of each patient by finely scanning only one 
VE and adjusting of the stimulation amplitude. This could be an advantage over other 
systems that involve the simultaneous use of a second VE to balance the angular position 
of the foot between inversion and eversion during the uninterrupted application of 
electrical stimulation. It is important to remember that the latter may have a critical effect 
on the onset of fatigue.
Another important finding was that although the distributions of the FRs were not fully 
repeatable for the majority of the cases investigated in this study, there were some portions 
of the charts where adequate responses repeatedly appeared during both sessions. This 
suggests that it may be feasible to create individualised templates of FRs that can be used 
in future for array optimisation.
10.3. Evaluation of SEAS with patients
A critical aspect to be considered when developing biomedical assistive technologies is the 
assessment of the feasibility of use from the point of view of its final recipient: the patient. 
In simple words, feedback information is important to measure the ability of the patients 
using the system, their level of satisfaction, and the potential improvements that can be 
undertaken prior to its clinical use. Therefore, a pilot study was carried out with five 
current users of drop foot stimulators in order to compile their opinions about the proposed
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array-based system. A number of aspects were targeted by a questionnaire completed by 
the patients during different stages of the trial and the observations made by the researcher 
and the clinician involved in this investigation. The main outcomes of this study can be 
summarised as follows:
• The participants expressed their satisfaction about using their current system 
(ODFS), yet also reported on the difficulty of electrode positioning and other 
problems linked to the use of their current system (e.g wire breakage, need for a 
smaller box and cables become unplugged). These results are in agreement with 
the obtained in a previous investigation targeting the patients’ perception of this 
particular stimulator [Taylor et al., 1999a] .
• All the patients found electrode positions producing adequate ankle-foot responses 
to electrical stimulation when using SEAS.
• After comparing both approaches it was found that most of the patients not only 
found the task of electrode positioning with SEAS easier, but also perceived 
similar or better sensations to stimulation when using this system.
• The level of acceptance of the proposed concept was satisfactory as indicated by 
the participants.
These results led to the conclusion that the proposed open-loop array approach is a feasible 
alternative to the conventional task of finding the position of the electrodes in drop foot 
stimulation. One notable characteristic of this novel concept is that it does not rely on 
sensors involving additional procedures for repeatable sensors and calibration. Instead, it 
relies on the patients’ skills using the system and identifying properly the positions 
generating the adequate response. In this study, all the patients but one demonstrated their 
ability to do so. In this particular case, it is believed that further training, improvement of 
the audiovisual interface would enhance the performance of this task in this patient.
The author is of the opinion that patients who experienced muscle fatigue while testing the 
operating interface would have found optimisation of the searching space to a reduced 
number of positions beneficial.
In spite of the perceived advantages of using the proposed open-loop system, there would 
always be patients that will find the use of the operating interface difficult, for example, as 
a result of factors such as ageing and severity of their condition. For these individuals, 
options based in closed-loop strategies would probably be more suitable.
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10.4. Hypothesis
Overall, the results of the study with healthy subjects demonstrated that SEAS is a feasible 
means for the creation of virtual electrodes and produced FRs in all the participants. In 
addition, the results of the evaluation with patients indicated that the proposed interface 
can easily be operated by patients to achieve FRs to electrical stimulation, similar to those 
obtained with the conventional method. Thus the hypothesis of this project has been 
proven ‘true’ under the experimental conditions of this work, and therefore, it is believed 
that the use of a portable FES array system based on the proposed concept will be 
advantageous for those patients with sufficient ability to operate the interface.
10.5. Contribution and final conclusion
This research project presents for the first time the physical development of a novel large 
high-resolution surface electrode array combined with a self-adhesive conductive gel, and 
its experimental assessment with normal subjects. It also introduced the first development 
and clinical evaluation of an open-loop strategy which offers to patients with drop foot an 
audiovisual interface as an alternative method to optimise electrode positioning.
Nevertheless, it should be borne in mind that the results obtained from this research are 
preliminary, and therefore must be cautiously interpreted. Further improvements of the 
system and additional research involving larger number of patients and a validated 
questionnaire need to be performed prior to clinical acceptance. In addition, the system 
was tested in the seated position only. Since in some patients the position for the electrodes 
may change from seating to standing, future work must address the feasibility of using a 
portable version of the array-based system together with a closed loop strategy to readjust 
the electrode positioning while walking.
10.6. Limitations of the project
The current work does suffer from a number of limitations. Of particular note are:
• The models developed here represent a conservative approximation of the current 
density distributions flowing through a cross sectional area of simulated tissue. In 
addition, the models were not validated as they were used only as tools to assist the 
design of the array.
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• Improvements of the intensity regulation circuit are required to achieve finer 
gradation of the angular responses of the stimulated foot.
• A crude and conservative criterion was defined using gait data collected from a 
limited sample of subjects (n=3) and utilised for the evaluation of the functional 
responses during experiments with healthy volunteers.
• The small number of patients involved in the evaluation of the proposed approach.
• The questionnaire was non-anonymous and could not be validated due to time 
constraints.
• The evaluation of the responses to stimulation in the study with patients were 
assessed by eye.
• The system was not evaluated with patients while walking.
The following section will address these limitations and present directions for future work.
10.7. Further work
Surrey Electrode Array design and fabrication
Extra modeling work must be directed towards the replication of the array/gel and the 
different layers of tissue in three dimensions. This will permit simulation of the stimulation 
phenomenon in a more realistic scenario, where the three-dimensional spread of the current 
density flow can be visualized. Retrospectively, a three dimensional model considering the 
capacitive and temperature effects on the involved tissue over time could have been 
developed. This would have been beneficial for analysing the CDD and the selectivity of 
the stimulation in a more realistic scenario. However, it is the author’s belief that outcomes 
of 3D simulations will not drastically change so as to affect the conclusions yielded in this 
study.
From the fabrication point of view, aspects such as the overall size of the array, and the 
materials used for its fabrication can be arguable. With respect to the former, the size was 
primarily chosen to evaluate the selectivity and functionality of the response rather than the 
possibility of covering all the stimulation sites in every single type of leg (i.e. ranging from 
fat to thin). Nevertheless, experiments in normal volunteers (see chapter 7) indicated that it 
was possible to selectively stimulate both branches of the peroneal nerve and achieve 
functional responses in all the participants. Regarding the materials used, it is known that 
prolonged used of copper electrodes for electrostimulation may cause toxic reactions at the 
sldn [Neuman, 1998]. However, the Surrey array was initially developed for experimental
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trials which do not involve long-term use of electrical stimulation. If experiments with an 
average sample of healthy volunteers and patients demonstrate its feasibility in terms of 
selectivity and functionality, then further work will address the development of an 
electrode array sleeve containing a larger number of electrodes made of a noble metal (e.g. 
gold). This sleeve would permit not only adaptation to different types of legs, but also 
implementation of a virtual steerable return electrode.
Further evaluation o f the SEAS
The results of this investigation are valuable since they provided an indication of the 
feasibility of use of an open-loop strategy for electrode positioning using the array and the 
operating interface proposed in this project. However, additional investigations involving 
larger number of subjects and more trials would be necessary to evaluate the system prior 
to its clinical use. In addition, for the sake of completeness, further work involving the 
evaluation of the effects of different sizes of VEs and return electrodes on the selectivity, 
incidence of the FRs and stimulation comfort would be desirable.
Another aspect that could be investigated is the effect of the return electrode size and its 
position on the quality of the stimulation. For this purpose, the author of this work suggests 
the development of a new larger array and modifications of the hardware to allow for 
creation and operation of virtual active and return electrodes.
Future evaluations of SEAS with patients must include more participants and a validated 
and anonymous questionnaire, in order to determine not only the clarity of the questions to 
be applied and their repeatability in terms of interpretation, but also to avoid responses that 
could potentially be biased by the presence of the researchers. In addition, for reasons 
discussed at the end of chapter 9, the feasibility of closed-loop strategies for dynamic 
readjustment of the electrode position while walking must be evaluated. For this purpose, a 
portable version of SEAS with an improved operating interface is needed. Further work 
must therefore consider the design and development of a self-contained stimulator/array 
sleeve that can be worn on the shank. Initial suggestions are given in the next paragraphs.
Portable and enhanced version of SEAS
The following are directions for the development of a portable and enhanced version of 
SEAS:
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• Modifications of the ramping algorithm are needed to increase the speed of the 
ramping process. For this purpose, it would be necessary to make changes in the 
firmware and PC code.
• Modification of the current intensity circuit must be done to allow finer transitions 
between amplitude steps. As mentioned earlier, it can be done by replacing the 
existing digital potentiometer by a similar version but with a wiper of higher 
resolution. It would also require modifications of the firmware code and the array 
controller hardware to adapt the new circuitry to the system.
• The switching circuit and the rest of the analog circuits can be either miniaturised 
using tiny high voltage transistors, or implemented inside a high voltage ASIC.
• The array controller can be miniaturised using a FPGA and the microchip Sensium 
TZ1030 (Toumaz Technology Ltd, Abingdon, UK). The latter comprises an in-built 
8-bit microcontroller,an RF wireless link, and an analog sensor interface (figure 
10.1). At the moment, the existing link between Toumaz and the Centre for 
Biomedical Engineering at the University of Surrey makes this technology 
available for future developments.
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Figure 10.1. Architecture of the Sensium TZ1030. (Reprinted with permission of Toumaz Technology Ltd).
• In order to avoid patients’ confusion while verifying the obtained reponses when 
scanning the array, it is necessary to merge the audiovisual interface and the 
joystick functionality in a much smaller operating device. In addition, the intensity
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controller must also be included in as part of this interface, in order to allow the 
patients to have direct control of this parameter. Owing to the advance of the 
telecommunications, these characteristics can be incoiporated as part of smart 
mobile phone. The interface software can be programmed as a Microsoft Visual C# 
application running on .NET compact framework available in most of the recent 
mobile phones based on Windows Operating Systems. Another advantage of the 
implementation of the interface over this platform is that it will provide Internet 
connectivity. This will enable the clinician to remotely perform a number of tasks -  
i.e. evaluation of the system performance, clinical assistance, reconfiguration of the 
stimulation parameters and definition and downloading of personalized templates 
for optimization of the array. However it should be borne in mind that the point of 
view of the patients when using this merged interface must be evaluated first.
• Finally, for data acquisition puiposes, the portable version of the system must also 
offer the possibility of using optional sensors easy to attach and calibrate. This is of 
particular interest for the future development and evaluation of novel closed-loop 
control strategies.
Figure 10.2 illustrates the whole concept proposed for the development of future portable
versions of SEAS.
PATIENT WEARING SEAS AT HOME
HOSPITAL
Wireless router
Audiovisual operating 
interface
( R F o n d T  -
Self-contained wireless 
array-based stimulator*
sensor(s) (R F  link)
Optional wireless 
sensor (R F  linkf
Figure 10.2. Author’s perspective of the future generation of the Surrey Electrode Array System.
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Other directions for future research
• As discussed earlier, the development and evaluation of automatic algorithms for 
electrode positioning would be desirable for those cases where the motor and 
cognitive skills of the patients are further compromised. One suggested starting 
point is the implementation of an existing method (e.g. Salisbury Hospital 
guidelines -  see figure 3.18) as part of the SEAS software, so that the VE position 
is adjusted in accordance to the angular feedback provided by the sensor.
• Other researchers have proposed the possibility of dynamically readjusting the 
electrode placement to compensate for variations of its position with respect to the 
nerve during motion of the limb [Popovic-Bijelic et al., 2004]. In addition, the 
author of this work is of the opinion that this approach could also be used for 
adapting the response of the stimulated foot to different phases of the swing phase 
of gait. One suggested means for doing that is by developing algorithms that relies 
on real-time feedback information of the ankle-foot angular response. The reason 
behind this is to evaluate the possibility of reproducing a functional stimulation 
pattern more similar to the observed when the foot is lifted in normal walking.
• As mentioned before, further training is recommended to familiarise the subjects 
with the use of the open-loop array system. It is believed that the existing version of 
SEAS can be slightly modified, in order to turn it into a Biofeedback application 
providing auditive and visual cues to help the patients on improving their abilities 
using the system.
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Surface electrodes for FES
Appendix A
A.I. Electrodes types and sizes
Owing to their non-invasive nature, surface electrodes are easy to apply to the body and do 
not require surgical interventions. These electrodes must have the following features: a) 
must permit even current distribution; b) must be flexible; made of pliable materials 
allowing good skin contact and adaptation to irregular and changing anatomical surfaces; c) 
must provide ease of application/removal on daily basis and d) must be endurable for long 
term periods without causing irritation of the skin [McNeal and Baker, 1988; Sagi-Dolev 
et al., 1995] as referred to by [Popovic and Sinkjaer, 2000].
During the early stages of surface electrode technologies, metal plate electrodes combined 
with a fabric were used for electrical stimulation. However, these electrodes not only 
require straps, tape or elastic bands to be firmly affixed to the skin, but also must be 
impregnated with a medium such as saline solution or conductive gel which may dry out in 
a non-uniform fashion. In addition, metal electrodes might not conform well to anatomical 
surfaces due to their inherent stiffness. For these reasons, this electrodes can be considered 
as unsafe for their use in routine FES.
Carbon rubber electrodes are more flexible and provide a better pattern of current 
distribution, regardless of skin and volume conductance irregularities [Rushton, 1997]. 
However, these electrodes are often utilised in conjunction with conductive medium, and 
therefore, they are also subjected to non-uniformities in impedance caused by changes of 
the electrolytic interface during long-duration sessions. These electrodes are also attached 
to the skin using either tape or Velcro® straps, or can be incorporated in elastic bands that 
adapt evenly to the limb.
In order to overcome the issue of electrode fixation to the skin, self-adhesive conductive 
electrodes have been developed more recently. These electrodes are typically fabricated 
using as substrate silver coated strands and an adhesive conductive gel layer as the 
electrode-skin interface. These electrodes are very easy to stick to skin and conform very 
well to the body anatomy. Their main disadvantage is that their impedance becomes
Al
uneven and their stickiness decay after prolonged use. Nevertheless, they are the most 
commonly used in clinical FES to date, and are available in different shapes and sizes for 
suitable for a variety of muscles. Figure A.l illustrates different self-adhesive electrodes 
versions (see www.axelgaard.com for further details).
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Figure. A .I. Self-adhesive FES electrodes: a) PALS and b) UltraStim. Adapted from Axeelgard 
[Axelgaard, 2006].
The size of the electrode is a parameter associated with effectiveness and comfort. The 
smaller the electrode, the more specific the stimulation is. However, a number of studies 
have concluded that larger electrodes lead to a more comfortable stimulation [Kantor et al., 
1992; Patterson and Lockwood, 1993; Alon et al., 1994], Some pitfalls may arise when 
selecting electrode sizes. In some cases, pain and/or insufficient activation of the muscle 
may result from choosing ‘very small’ electrodes [Patterson and Lockwood, 1993]. 
However, the use of ‘very large’ electrodes may lead to undesirable activation of 
neighbouring muscles and insufficient current density diffusion for contracting the target 
muscle [Forrester and Petrofsky, 2004]. Therefore, the anatomical location of the motor 
points of the muscle to be stimulated as well as the intrinsic anatomy of each individual 
must be considered when choosing the size of the electrode [Lyons et al., 2004]. Round (38
A2
mm diameter) and square (50 x 50 mm) electrodes are standard versions routinely used 
with surface FES systems for the treatment of drop foot.
A.2. Electrode position
Electrode positioning plays an important role in the adequacy of the stimulation response, 
since it determines the pathways to be followed by the current. The goal is to place the 
electrodes in positions at which the desired muscular activation can be achieved with the 
minimum current requirements. These locations are usually over a peripheral nerve or over 
a muscle, close to the motor points. The latter constitute the areas of lowest impedance and 
higher concentration of voltage-gated Na+ channels [Petrofsky, 2004]. Electrode 
misplacement from the motor points during the application of electrostimulation may result 
in higher demands of current leading to poor selectivity and augmented discomfort 
[Forrester and Petrofsky, 2004].
In the majority of dropped foot patients stimulation is delivered using an asymmetrical 
waveform and placing the electrodes as follows: the active electrode is situated over the 
common peroneal nerve as it passes over the head of the fibula (i.e. relatively close to the 
nerve bifurcation as shown in figure A.2a and the inactive over the motor point of the 
tibialis anterior [Burridge et al., 1997]. It often results in a pattern of dorsiflexion and 
eversion accompanied by hip and knee flexion, enabling foot clearance during the swing 
phase of gait. If further hip/knee flexion and eversion are necessary, then the inactive 
electrode can be positioned over the peroneal nerve at the popliteal fossa (figure A.2b) 
[Taylor, 2002]. This configuration provokes an increased excitation of the afferents 
responsible for the withdrawal reflex.
a) b)
Figure A.2. Electrode placement for drop foot correction, a) typical position for withdrawal reflex, b) 
placing of the inactive electrode over the popliteal fossa to increase the withdrawal reflex response and 
the eversion component. Adapted from [Wilkinson, 2004; Wilkinson, 2005].
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According to the Odstock Dropped Foot Stimulator (ODFS) guidelines (Salisbury District 
Hospital, UK), 75 % of the patients achieve an adequate response by positioning the 
electrodes as described above, yet on some occasions, the electrodes (particularly the 
active) need to be shifted slightly in other directions by few millimeters. However, an 
alternative electrode placement is required by the remaining 25 % of the patients. In 
addition, electrode placement and response to the stimulation may vary intra-patient over 
time as a result of anatomical and pathological changes* [Taylor et al., 1999b; Burridge, 
2001]. Moreover, based on clinical records from Queen Mary’s Hospital (Roehampton, 
UK), electrode location on the skin with respect to stimulation points varies from patient to 
patient, as a result of existing anatomical differences amongst them.
Therefore, the ODFS guidelines suggest that patients and carers must be taught to 
determine by themselves the electrode position. Taylor et al. [1999b] pointed out that 
during the first session using the single-channel Odstock Dropped Foot Stimulator efforts 
are directed towards training patients and carers, in order to identify the right location of 
the electrodes based on the observation of the movement produced at the foot during the 
application of stimulation.
Figure A.3 illustrates the protocol devised by the Salisbury FES group for finding an 
appropriate position for the electrodes. It is important to emphasise that once the electrodes 
are in place, the intensity levels should be slowly adjusted. The rationale for this is not only 
to habituate the patient to the stimulation sensation, but also to prevent spastic responses 
from the calf muscles. In addition, the intensity level should be increased until reaching 
sufficient movement, but without exceeding the threshold of patient tolerance.
* In this context, anatomical variations are referred to changes in muscle length and size caused by either 
disuse (i.e. atrophy) or exercise (i.e. physiotherapy and electrotherapy), whereas physiological are related to 
fluctuations in spastic calf tone.
A4
Figure A.3. Algorithm for electrodes placement using the ODFS stimulator. Adapted from [Taylor et al., 
1998b]
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Figure C. 1. Colour maps for simulation 1 (array= 2 mm x 35 pm, IED = 4 mm, agei= 0.066 S/m) with 
sources e6 and e7 energised with 80V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure C.2. Colour maps for simulation 1 (array= 2 mm x 35 pm, IED = 4 mm, ogei= 0.066 S/m) with 
sources e6 and e7 energised with 120V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure C.3. Colour maps for simulation 2 (array = 3 mm x 35 pm, IED = 3 mm, agei= 0.066 S/m) with 
sources e6 and e7 energised with 80V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure C.4. Colour maps for simulation 2 (array = 3 mm x 35 pm, IED = 3 mm, agei= 0.066 S/m) with 
sources e6 and e7 energised with 120V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure C.5. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, agei= 0.0033 S/m) with 
sources e6 and e7 energised with 50V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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igure C.6. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, ogei= 0.0033 S/m) with 
sources e6 and e7 energised with 50V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
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Figure C.7. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, agei= 0.0033 S/m) with 
sources e6 and e7 energised with 120V. a) Normal view of the model, b) Close-up view of the array and 
surrounding structures.
Figure C.8. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, agei= 0.0033 S/m) with
sources e6 and e7 energised with 120V. a) Normal view of the model, b) Close-up view of the array and
surrounding structures.
1 .0 0 0 0 * 4 0 0 1  
8 .8 5 8 7 * 4 0 0 0  
7 .8 4 7 6 * 4 0 0 0  
6 .9 5 1 9 * 4 0 0 0  
6 .1 5 8 5 * 4 0 0 0  
5 .4 5 5 6 * 4 0 0 0  
4 .8 3 2 9 * 4 0 0 0  
4 .2 8 1 3 * 4 0 0 0  
3 .7 9 2 7 * 4 0 0 0  
3 .3 5 9 8 * 4 0 0 0  
2 .9 7 6 4 * 4 0 0 0  
2 .6 3  67*4000  
2 .3 3 5 7 * 4 0 0 0  
2 .0 6 9 1 * 4 0 0 0  
1 .8 3 3 0 * 4 0 0 0  
1 .6 2 3 8 * 4 0 0 0  
1 .4 3 8 4 * 4 0 0 0  
1 .2 7 4 3 * 4 0 0 0  
1 .1 2 8 8 * 4 0 0 0  
1 .0 0 0 0 * 4 0 0 0
C3
C.2. Cartesian plots of current density at different nerve depths
Figure C.9. Plots of current density versus nerve length for different depths of the peroneal nerve at 80V 
during simulations 1 (array= 2 mm x 35 pm, IED = 4 mm, ogei= 0.066 S/m) (a) and 2 (array = 3 mm x 
35 pm, IED = 3 mm, agei= 0.066 S/m) (b). The shaded regions show the parts of the lines at which the 
current density is equal or greater than CDT (10 A/m2 or 1 mA/cm2).
Figure C.10. Plots of current density versus nerve length for different depths of the peroneal nerve at 
120V during simulations l(array= 2 mm x 35 pm, IED = 4 mm, agei= 0.066 S/m) (a) and 2 (array = 3 
mm x 35 pm, IED = 3 mm, agei= 0.066 S/m) (b). The shaded regions show the parts of the lines at 
which the current density is equal or greater than CDT (10 A/m2 or 1 mA/cm2).
Figure C. 11. Plots of current density versus nerve length for different depths of the peroneal nerve at 
120V during simulations 3 (array= 2 mm x 35 pm, IED = 4 mm, agei= 0.0033 S/m) (a) and 4 (array = 3 
mm x 35 pm, IED = 3 mm, agei= 0.0033 S/m) (b). The shaded regions show the parts of the lines at 
which the current density is greater than 10 A/m2 (or 1 mA/cm2).
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Resultant plots of simulations including capacitive 
effects
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Figure D .l. Colour maps for simulation 3 (array= 2 mm x 35 pm, IED = 4 mm, ogei= 0.0033 S/m) with 
sources e6 and e7 energised with 40V and including capacitive effects, a) Normal view of the model, b) 
Close-up view of the array and surrounding structures.
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Figure D.2. Colour maps for simulation 4 (array= 3 mm x 35 pm, IED = 3 mm, c gei= 0.0033 S/m) with
sources e6 and e7 energised with 40V and including capacitive effects, a) Normal view of the model, b)
Close-up view of the array and surrounding structures.
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D.2. Cartesian plots of current density at different nerve depths
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Figure D.3. Plots of current density versus nerve length for different depths of the peroneal nerve at 40V  
during simulations 3 (array= 2 mm x 35 pm, IED = 4 mm, agei= 0.0033 S/m) (a) and 4 (array= 3 mm x 
35 pm, IED = 3 mm, ogei= 0.0033 S/m) (b). The shaded regions show the parts of the lines at which the 
current density is greater than 10 A/m2 (or 1 mA/cm2). Capacitive effects were taken into account in 
this case.
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Determination of the frequency range of interest 
for the stimulation waveform
The procedure for the determination of the range of interest (ROI) consisted of the 
following steps:
• The stimulator (detailed information given in chapter 7) was switched on, and 
configured to deliver a train of pulses of 100 V of amplitude and 300 ps pulse 
duration with a repetition rate of 40 pulses per second.
• Twelve consecutive registers of the stimulator output were recorded at intermittent 
intervals of one minute. For this purpose, the digital oscilloscope automatically 
adjusted the sampling rate to 100 kHz to enable the capture of 500 samples of the 
signal per record.
• Following this, a MATLAB data acquisition program developed at Surrey was 
executed in order to transfer each record from the oscilloscope to a personal 
computer via a RS-232 port. Each record was stored as a text file for off-line 
processing.
• An average of the stimulator output was then obtained by calculating the mean and 
the standard deviation (SD) of the twelve records. As shown in figure 5.42, the SD 
(blue trace) is very small, so that it overlaps the averaged signal (red trace). This 
suggests that the stimulation pulses applied to the RC skin model were repeatable 
during uninterrupted stimulation over time.
• Finally, the spectrum of the stimulator output was obtained by computing in 
MATLAB® the Fast Fourier Transform of the averaged waveform.
• Thus based on the spectral analysis, the ROI was defined as the range of frequency 
(from 200 to 1700 Hz) at which the stimulator output reaches between 70 and 100 
% of its maximum power. Note that the signal achieves its maximum power at a 
frequency value close to 1 kHz.
Appendix E
El
Stimulator output measured al the skin model
Figure E .l. Average stimulator voltage output recorded from the RC skin model. The signals (n=12) 
used for calculation of the mean were acquired at a sampling rate of 100 kS/sec.
a) b)
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Figure E.2. FFT Spectrum of the averaged stimulator output (a). Close-up view of the ROI (b). Note 
that the power of the spectrum was normalised to percent of its maximum value.
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Appendix F
Tables of data used for electrical evaluation of the 
arrays using low voltage sine waveforms
Table F .l. Average magnitude and phase response and absolute maximum differences for: 
Array 1H = 3 x 3 mm, ogel= 0.066 S/m; array 1L = 3 x 3 mm, <rgei= 0.0033 S/m; array 2H=2 x 2 
mm, ogCi= 0.066; array 2L=2 x 2 mm, ogei= 0.0033 S/m. The fields in yellow represent the largest
A r r a y  1L
( 3 x 3  mm 
pads, low 
conductive 
gel)
Frequency
(Hz)
Mean
Gain
(dB)
Min
(dB)
Max
.(dBJ..
Range
(dB)
Mean
phase
C)
Min
0
Max
(°)
Range
(°)
1.00E+01 -7.8 -7.8 -7.8 0.0 8.5 8.3 8.9 0.7
4.00E+01 -7.3 -7.3 -7.3 0.0 4.8 4.8 4.8 0.0
1.00E+02 -7.2 -7.2 -7.2 0.0 3.2 3.1 3.3 0.2
1.00E+03 -6.8 -6.9 -6.7 0.2 5.4 5.4 5.4 0.0
3.30E+03 -5.9 -6.0 -5.7 0.3 13.8 13.8 13.8 0.0
1.00E+04 -3.9 -4.1 -3.8 0.3 13.2 13.0 13.3 0.3
3.30E+04 -2.3 -2.5 -2.1 0.4 5.6 5.5 5.7 0.2
1.00E+05 -2.2 -2.3 -2.1 0.2 2.3 2.2 2.4 0.2
A r r a y  1H
( 3 x 3  mm 
pads, high 
conductive 
gel)
Frequency
(Hz)
Mean
Gain
(dB)
Min
(dB)
Max
(dB)
Range
(dB)
Mean
phase
n
Min
n
Max
(°)
Range
_  O
1.00E+01 -7.0 -7.1 -7.0 0.2 12.0 11.5 12.6 1.1
4.00E+01 -6.9 -7.0 -6.7 0.4 5.9 5.9 5.9 0.0
1.00E+02 -6.8 -6.8 -6.8 0.0 4.3 4.3 4.3 0.0
1.00E+03 - 6.6 -6.7 -6.5 0.2 5.9 5.8 5.9 0.1
3.30E+03 -5.4 -5.5 -5.2 0.3 14.9 14.7 15.0 0.2
1.00E+04 -2.8 -2.9 -2.7 0.2 15.0 15.0 15.1 0.1
3.30E+04 -1.7 -1.8 -1.6 0.2 5.9 5.9 5.9 0.0
1.00E+05 -1.6 -1.6 -1.6 0.0 1.7 1.6 1.7 0.2
A r r a y  2L
( 2 x 2  mm 
pads, low 
conductive 
gel)
Frequency
(Hz)
Mean
Gain
(dB)
Min
(dB)
Max
(dB)
Range
(dB)
Mean
phase
O
Min
(°)
Max
(°)
Range
(")
1.00E+01 -8.6 -8.7 -8.5 0.2 8.5 8.3 8.6 0.4
4.00E+01 -8.5 -8.5 -8.5 0.0 5.1 5.0 5.2 0.1
1.00E+02 -8.1 -8.1 -8.0 0.2 3.7 3.5 3.7 0.3
1.00E+03 •7.5 -7.5 -7.5 0.0 5.1 5.0 5.2 0.1
3.30E+03 -6.8 -6.9 -6.7 0.2 12.3 12.1 12.4 0.2
1.00E+04 -4.7 -4.8 -4.5 0.3 12.1 11.9 12.2 0.4
3.30E+04 -3.8 -4.0 -3.7 0.3 5.1 4.9 5.4 0.5
1.00E+05 -3.4 -3.4 -3.2 0.3 3.1 3.1 3.2 0.1
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Table F.2. Average magnitude and phase responseand absolute maximum difference for: 
array 2H=2 x 2 mm, ogei= 0.066; conventional PALS = part No: 895240, ogei= 0.066, and no 
electrode. The fields in yellow represent the largest variability (expressed as range) resulting from 
each case.
Array 2H
Freq u en cy
Mean
Gain Min Max R ange
Mean
phase Min Max Range
( 2 x 2  m m  
pads, high 
conductive
(Hz) (dB) (dB) (dB) O n O (°)
1.00E+01 -7.9 -8.0 -7.8 0.2 11.4 10.8 11.9 1.1
4.00E+01 -7.4 -7.4 -7.4 0.0 6.8 6.8 6.8 0.0
gel) 1.00E+02 -7.5 -7.5 -7.3 0.2 4.6 4.5 4.7 0.2
1.00E+03 -7.0 -7.0 -6.9 0.2 5.8 5.6 5.9 0.3
3.30E+03 -5.9 -6.0 -5.9 0.2 14.1 14.0 14.3 0.2
1.00E+04 -3.4 -3.4 -3.4 0.0 13.6 13.5 13.7 0.1
3.30E+04 -2.4 -2.4 -2.4 0.0 5.7 5.7 5.8 0.0
1.00E+05 -2.2 -2.2 -2.2 0.0 2.2 2.2 2.2 0.0
PALS
electrode F req u en cy
(Hz)
Mean
G ain
m
Min
[OB)
Max
(dB)
Range
(dB)
Mean
p hase
O
Min
n
Max
O
R ange
n
1.00E+01 -8.2 -8.2 -8.2 0.0 6.3 6.1 6.5 0.4
4.00E+01 -7.0 -7.1 -7.0 0.2 6.4 6.3 6.4 0.1
1.00E+02 -6.6 -6.6 -6.6 0.0 3.6 3.4 3.7 0.4
1.00E+03 -6.6 -6.6 -6.6 0.0 6.0 6.0 6.1 0.1
3.30E+03 -5.4 -5.5 -5.3 0.2 13.9 13.5 14.2 0.7
1.00E+04 -2.9 -3.0 -2.7 0.3 15.1 15.1 15.1 0.0
3.30E+04 -1.7 -1.8 -1.6 0.2 5.6 5.6 5.6 0.0
1.00E+05 -1.6 -1.8 -1.4 0.4 2.3 2.3 2.4 0.1
No
electrode Freq u en cy
Mean
Gain
(dB)
Min
(dB)
Max Range
(dB)
Mean
p hase
. 0
Min
O
Max
O
R ange
i
1.00E+01 -6.4 -6.4 -6.4 0.0 0.5 0.4 0.6 0.2
4.00E+01 -6.5 -6.5 -6.4 0.2 0.3 0.3 0.4 0.1
1.00E+02 -6.5 -6.5 -6.5 0.0 0.8 0.8 0.9 0.1
1.00E+03 -6.4 -6.4 -6.4 0.0 5.3 5.0 5.4 0.4
3.30E+03 -5.2 -5.2 -5.2 0.0 14.9 14.7 15.2 0.5
1.00E+04 -2.4 -2.6 -2.2 0.4 15.6 15.5 15.8 0.4
3.30E+04 -1.2 -1.3 -1.1 0.2 6.2 6.2 6.2 0.0
1.00E+O5 -1.1 -1.1 -1.1 0.0 2.3 2.2 2.3 0.1
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List of main electronic components
Appendix G
Component Quantity Unit 
Cost (£)
Description Sub-total
m
PIC 16F877 1 4.15 8-bit microcontroller 4.15
MAX-232 1 3.55 TTL/CMOS to RS-232 voltage 
driver
3.55
MAX-6818 1 6.64 Octal CMOS switch debouncer 6.64
MC74HC573D 4 0.60 Tristate octal D-type latch 2.4
LM7805 2 0.37 +5V voltage regulator 0.74
LM7905 1 0.25 -5 V voltage regulator 0.25
BC849C 53 0.022 NPN general purpose 
transistors
1.17
AQV253 127 5.49 PhotoMOS solid state relays 697.3
DS1804 1 2.20 Digital potentiometer 2.20
INA121 1 4.10 Instrumentation amplifier 4.10
TL084 1 0.32 Low-noise quad operational 
amplifier
0.32
IS0122 1 20.44 Isolation amplifier 20.44
1N4148 3 0.053 Small signal diodes 0.15
BZV85 4 0.032 5.1V Zener diodes 0.13
TOTAL COST: £743.54
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Characterisation of the stimulator output
Appendix H
In order to characterise the stimulator used in this work when used in conjunction with the 
intensity regulation circuit (see chapter 6), the voltage per intensity increment was 
measured by connecting its output to an impedance of lkQ. The resultant peak voltages 
were registered with a digital oscilloscope as the intensity was adjusted step by step from 
its minimum to its maximum value. The procedure was repeated five times so that five 
measurements per potentiometer step were used to calculate the average peak voltages 
corresponding to each intensity increment (figure H.l). In order to determine the reliability 
of the measurements, the largest differences between measurements (range) per step were 
calculated. Since these ranges were either too little (< 1) or cero for the majority of the 
cases, it was necessary to plot them in a separate scatter graph to allow visualisation (figure
H.2).
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Figure 6.11. Average o f peak stimulator voltages (n=5) recorded per potentiometer step for a 1 kQ 
load.
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Figure 6.12. Ranges calculated from peak voltages recorded (n=5) per intensity increment.
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Appendix I 
Software flowcharts
1.1. Microcontroller software flowcharts 
Initialisation subroutine
Figure 1.1. Flow diagram of the initialisation (Init) sub-routine.
II
Menu subroutine
Figure 1.2. Menu sub-routine.
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1.2. PC software flowcharts
VE shifting functions
Figure 13. Flow diagram of the subroutine intended for shifting the electrode down.
Figure 1.4. Flow diagram of the subroutine intended for shifting tire electrode to the left.
13
Figure 1.5. Flow diagram of the subroutine intended for shifting the electrode to the right. 
Ramping and timer functions
R E M A R K S : Th e  ramping variable is set, so that 
it will enable the ramping feature 
when the Stim O N / O F F  button Is pressed
Figure 1.6. Flowchart of code executed on pressing the AutoRamping button.
14
Figure 1.7. Flowchart of the ramping up timer (VrTimer6)
15
VrTimer8
routine
VrTimer9
Routine
Figure 1.8. Flowcharts for ramping down (Vrtimer8) and resting period (Vrtimer9) timers.
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RAMPING DOWN 
FUNCTION
INTENSITY RESET 
FUNCTION
R EM A R K S : -.T h e  variable IntCounter is global and 
is the intensity steps counter
T h e  van'able steps refers to the resolution of 
Ihe stimulator output steps.
Figure 1.9. Flowcharts of the Intensity reset and its collateral Ramping Down function
17
Begin
Figure 1.10. Flowchart of Ramping Up function
1 8
Multithreading in Builder C++
Appendix J
In Windows (Win32 application interface), a process is a program that is currently loaded 
in memory. However, processes do not perform any action by themselves. Despite of the 
programming language used to develop a specific application, the entity that executes an 
action inside a program is called thread. Each process has at least one thread. Programs 
can be divided into various threads to optimize their performance. Thereby, the operating 
system can be instructed to allow these threads to share the PC microprocessor time slices 
under a pseudo-parallel (multiprogramming) execution policy. In the PC software 
developed here, some of the control objects and their associated functions were defined as 
independent threads. The latter was done by simply setting their threaded property as true 
inside their object inspector boxes. The objects defined as threaded in this application were:
• Scope objects corresponding to the angular and current data channels (VrScopel, 
VrScope2 and VrScope3).
• Timers associated to the joystick translation function and automatic algorithms 
(VrTimer5, VrTimerb and VrTimer7).
Since these threaded objects share the serial port registers of the PC, it was compulsory to 
synchronize their access to this resource. Fortunately, multitasking operating systems (such 
as Windows XP) offer software mechanisms to ensure that only one thread is using the 
resource in a given moment (i.e. mutual exclusion). Different methods have been proposed 
in the literature of which the use of critical sections is one [Ramirez and Hernandez, 2001]. 
Critical sections are defined as those parts of code which are associated to a shared 
resource that must be accessed by only one thread at a time. In simple terms, if one thread 
has gained access to such region of code, the others have to wait until the resource is 
released; which is in turn the moment when the thread has completed the execution of the 
critical section. In this project, special instructions intended for setting the boundaries of 
the critical sections per thread were used. Such instructions (listed and described in table 
K.l) are part of Windows Application Programming Interface (API) and can be accessed 
by most of the existing programming languages.
J1
Table K.l. Critical section instructions for multithreading synchronization.
Instruction Description
InitializeCriticalSection(LPCRITICAL_SECTION CS); Initializes a critical section object by 
allocating a memory address for it.
EnterCriticalSection(LPCRITICAL_SECTION CS); Each thread must call this function to 
request ownership of the critical 
section before executing any other 
instruction that accesses the protected 
resource. In simple terms, this 
instruction blocks the execution of the 
thread until it can take ownership of 
the critical section.
LeaveCriticalSection(LPCRITICAL_SECTION CS); Informs to the operating system that 
the executing thread has released the 
ownership of the critical section, 
allowing other threads to use the 
resource.
DeleteCriticalSection(LPCRITICAL_SECTION CS); Release the memory used by the 
object. This function must be call just 
before the program ends.
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Ethical approval confirmation letters and consent forms
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K.I. NHS Ethics Committee approval letter.
NHS
Surrey Research Ethics Committee
Education Cenlr© 
Tho IRsyaS SifWOy County- KOSpitaS 
ESWlon Rowf 
C m D P O R D  
Surrey 
GUZ 7XX
Totephone: 01403 S71122 ext 4362 
Direc-1 Llrm'Fax: 014B34G5838 
EtTisiitc'A^ccimmltlee'areyalsurTfty,nhs.uk
Our Ref; 06/Q I90W175
12 December 2006
Mr Miguel Hernandez Silveira 
PhD Student
Centre fbr Biomedical Engineering 
School o f Engineering 
University o f  Surrey 
Guildford 
GU2 7X 0
Dear Mr Hernandez Silveira
Feasibility o f a transcutaneous array-based FES system for drop foot correction
Thank you for making yourself am iable to the Committee when it discussed your study at its meeting 
held on 5 December 2006.
Ethical opinion
The members o f  die Committee present gave a favourable ethical opinion o f foe above research on foe 
basis described in the application form, protocol and supporting documents.
The Committee was able to confirm the 4,SSA-exemptM status of foe study.
Conditions of approval
The favourable opinion >S given provided that you comply with foe conditions sot out in the attached 
do cument. You arc advised to study the conditions care folly.
Approved documents
The documents reviewed and approved at the meeting were:
i) NHS REC Application Form, Version 5.2, dated 21 November 2006
ii) Dr David Ewins4 curriculum vitae, dated 21 November 2006
Iii) Project Protocol, Version V20112006, dated 2 1. November 2006
iv) Participants ta formation Sheet (Patients), Version V20312006, dated 21 November 
2006
v) Participants Information Sheet (I IcaJthy Volunteers), Version V2Q112006, dated 21 
November 2006
An ad visa ;y earjimllton to South East Coast Slratfisk Hoaiitt AutlisdSy
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vi) Participants Consent Form (Patients), Version V20112006, dated 20 November 2006
vit) Participants Consent Form (Healthy Volunteers), Version V20112006, doted 20
November 2006
vail) Participants Consent Form for use o f videos and photographs (Patients), Version 
V20112006, dated 20 November 2006
ix) Participants Consent Form for use o f videos and photographs (Healthy Volunteers), 
Version V20112006, dated 20 November 2006
x) Participant Questionnaire, Version V20112006, dated 20 November 2006
xi) IyCilcr from Dr David Ewins: dated 24 November 2006 confirming role o f Mr 
Hernandez as Chief Investigator and the supervision arrangements.
xii) Curriculum Vitae for Mr Miguel Hernandez Stlveira dated 24 November 2006.
Research governance approval
The study should not commence until you have received research governance approval from the NHS 
care organisations involved.
Membership of the Committee
Dio members o f die Ethics Committee who were present at the meeting arc listed on the attached 
sheet.
Statement of compliance
The Commi ttee is constituted in accordance with the Governance Arrangements for Research Ethics 
Committees (July 2001) and complies fully with (lie Standard Operating Procedures for Research 
Ethics Committees in the UK.
Yours sincerely
>u y .
JOHNS’ K ER SLAK E 
Coordinator
Copy (without enclosures) to:Dr David Ewins, Consultant Clinical Scientist, Queen Mary's Hospital 
Dr Salim Ghoussayni, Lecturer, University o f Surrey
An advisw y  ownmitteo ta Soulh East Coast Strategic H w ttb  Aelhotfty
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K.2. University of Surrey Ethics Committee Approval letter.
Ernes Comnrvttee
31 January 2007
Mr Miguel Hernandez Slveira 
Centre for Biomedical Engineering 
School of Engineering
Dear Mr Hernandez Silveira
F w iM to  of frmgcutirwoui array-baaed FES technoteniea for drop loot correction 
fEC/2007/06/Enfll -  FAST TRACK
On behalf of the Ethics Committee, I am pleased to confirm a favourable ethical opinion for 
the above research on the basis described in the submitted protocol and supporting 
documentation.
Date of confirmation of ethical opinion: 31 January 2007
The hat of documents reviewed and approved by the Committee under rts Fast Track 
procedure is as follows:-
Application 22/01/2007
Approval Letter from the Surrey Research Ethics Committee 12/12/2006
Risk Assessment 22/01/2007
Insurance Proforma 05/11/2006
Project Summary 22/01/2007
Research Proposal 22/01/2007
Participant Questionnaire 20/11/2006
Participant Information Sheet 22/01/2007
Participants Consent Forms 22/01/2007
This opinion is given on the understanding that you wH comply with the University's Ethical 
Guidelines for Teaching and Research, and with the condition set out below.
• That the witness signature on ihe Consent Forms Is entitled "In the presence of [name 
of witness] as shown on the attached sample.
The Committee should be notified of any amendments to the protocol, any adverse 
reactions suffered by research participants, and if the study is terminated earlier than 
expected, with reasons.
I would be grateful if you would confirm, in writing, your acceptance of the condition above, 
enclosing the amended documents.
You are asked to note that a further submission to the Ethics Committee wilt be required in 
the event that the study is not completed within five years of the above date.
Please Inform me when the research has been completed.
Yours Sincerely
Catherine Ashbee (Mrs)
Secretary. University Ethics Committee 
Registry
cc: Professor T  Desomtore, Chairman, Ethics Committee 
Dr D Ewins. School ol Engineering
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K.3. Consent forms.
UniS
University of Surrey
Mr. Miguel Hernandez Silveira, 12DK03, Centre for Biomedical Engineering 
School of Engineering
Tel 01483 684574; e-mail: meplmh@surrey.ac.uk
PARTICIPANTS CONSENT FORM
- Healthy Volunteers -
Title of Project: Feasibility of a transcutaneous array-based FES system for drop foot correction 
Name of Investigator: Miguel Hernandez Silveira Please initial box
1. I confirm that I have read and understand the information sheet dated
for the above study and have had the opportunity to ask questions. ____
2. I understand that my participation is voluntary and that I am free to withdraw at 
any time without giving any reason.
3. I understand that I have been asked if  the photographs taken /videos recorded of  
m yself can be used for teaching, reports, seminars and publications and I do/do 
not give (delete as appropriate) my permission for this.
4. I understand that all data recorded including photographs and videos will be 
securely stored for a minimum o f 10 years at the end of the study.
5. I agree to take part in the above study.
Name o f Participant Date Signature
Name o f Investigator Date Signature
Name o f W itness Date Signature
One copy for participant and one for the investigator.
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Wandsworth NHS
Teaching Primary 
Care Trust
Gait Laboratory 
Douglas Bader Rehabilitation Centre 
Queen Mary’s Hospital 
London SW 15 5PN
Tel: 020 8487 6101 
email: mep 1 mil @ surrey.ac.uk
PARTICIPANTS CONSENT FORM
- Patients -
Title of Project: Feasibility of a transcutaneous array-based FES system for drop foot 
correction
Name of Investigator: Miguel Hernandez Silveira Name of participant:
Please initial box
□1. I confirm that I have read and understand the information sheet dated___________for the above study and have had the opportunity to ask questions.
3. I understand that my participation is voluntary and that I am free to withdraw at
any time without giving any reason, without my present or future medical care or 
legal rights being affected.
3. I understand that sections o f any of my medical notes may be looked at by
responsible individuals from Queen Mary’s Hospital or the University o f Surrey 
or from regulatory authorities where it is relevant to me taking part in research. I 
give permission for these individuals to have access to my records.
4. I understand that all data recorded including photographs and videos w ill be ,
securely stored for a minimum of 10 years at the end o f the study. ------
5. I understand that there is a separate consent form regarding the use o f my
photographs taken /videos recorded for teaching and research presentation 
purposes.
6. I agree to take part in the above study. □
Name o f Participant Date Signature
Name o f Investigator Date Signature
Name o f W itness Date Signature
One copy for participant, one for the investigator and one to be kept in the hospital records.
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Appendix L
Validity of the flexible electrogoniometer
In this project, the appropriateness of the selected sensor and the reliability of the 
procedures for use were decisive factors to determine the veracity of the angular data 
collected when charting the response to electrical stimulation using different VEs and 
positions. The literature review revealed the use of flexible electrogoniometers not only in 
clinical trials involving the evaluation of motion of different joints of the body [Rowe et al., 
1989; Ball and Johnson, 1996; Rowe et al., 2000; Soper et al., 2004], but also in research 
related to evaluation of the effectiveness of electrotherapy and sensors as feedback sources 
for closed-loop controlled FES [Hazelwood et al., 1994; Davis et al., 1999; Carrioni- 
Burnett and Webber, 2002; Fisekovic and Popovic, 2003]. Furthermore, these sensors have 
been used for assessing the response to FES of the upper limbs using electrode arrays 
[Popovic-Bijelic et al., 2005].
As mentioned in chapter 8, the flexible electrogoniometers are portable; easy to apply to 
the body; do not need to be aligned with the axis of rotation of the joint under investigation; 
and do not require complex calibration procedures [Tesio et al., 1995; Rowe et al., 2001; 
Trew and Everett, 2001].
L.l. Accuracy
The manufacturer’s guidelines reported an accuracy of ± 2° for this type of sensor. Shiratsu 
and Coury [2003] who tested biaxial flexible electrogoniometers using a special measuring 
device, have found errors below ± 3° during angular excursions ranging from -90° to 90°. 
According to the researchers, these errors were lower in magnitude than the limit accepted 
(5°) by the American Medical Association (AMA) ([Nitschke et al., 1999] as referred to by 
[Shiratsu and Coury, 2003]).
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As mentioned in chapter 6, a flexible electrogoniometer XM-180 already available at the 
University of Surrey was reported as the intial choice of sensor for this project. This device 
demonstrated to be easy to attach to the lateral aspect of the foot by means of a special 
fabric, as shown in figure L.l.
L.2. Initial choice of sensor
Figure L .l. Fixation of the XM-180 to the lower leg. Note that the lower part of the distal end-block is
below the level of the wooden block.
Although this sensor exhibited good repeatability, it was discarded from this study due to 
the following reasons:
• The length of the distal end-block was inadequate, hampering transfer of the 
subject from the wooden block to the seat (figure L.l).
• Owing to the length of the inter-block spring, the proximal end-block was always 
placed over fleshy parts of the shank. This made this sensor susceptible to errors 
which emerged as a result of: a) the pressure exerted by the bulk of the calf muscles 
against the leg support; b) and contraction of the muscles moving the ankle-foot 
during the application of the stimulus. In both cases, the angular position of the 
proximal end-block with respect to its reciprocal was deviated by some degrees.
• The connectors between the sensor and the instrumentation cables were very loose, 
and hence prone to be accidentally unplugged any time when a minimum strain was 
applied to the cables.
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In spite of its associated problems, however, the XM-180 allowed the author of this work 
to gain practice and expertise using flexible electrogoniometers (e.g. locating body 
landmarks and tracing the lines, attaching the sensor to the leg and controlling the subject 
position). The use of the XM-180 was also beneficial as a starting point for devising the 
final methodology for placing its replacement (the SG/110A), which was used for data 
collection during the final experiments with healthy volunteers. It is important to 
emphasise that the SG/110A is based on the same technology used for the XM-180, but 
more suitable for measurements at the ankle-foot complex. The method followed to place 
the sensor was discussed in chapter 8, and its repeatability is demonstrated in the following 
section of this appendix.
L.3. Repeatability of measurements using flexible electrogoniometers 
Literature review
Despite the high accuracy of the electrogoniometers, the confidence on these devices also 
depends on the level of reproducibility of the measurements taken when used for assessing 
in-vivo human joint angular motion. Various researchers have attributed the main sources 
of errors when using these sensors to the following factors [Bevans, 1993; Rome, 1996; 
Thoms and Rome, 1997]:
• the tester ability in locating and marking body landmarks as well as placing the 
sensor on the subject under investigation;
• intra-subject variation when performing active range of motion (e.g. differences in 
motivation over time, tireness);
• lack of controlled procedures (e.g. not maintaining the same subject position during 
all the trials).
Bearing in mind these issues, a number of investigators have tested the reliability of the 
flexible electrogoniometers following experimental protocols where both the sensor and 
subject position are carefully controlled. Rome and Cowieson [1996] evaluated the 
repeatability of a flexible electrogoniometer M110 (Penny and Giles Ltd, Blackwood, UK) 
in a group of 8 normal subjects performing active peak dorsiflexion in supine position with 
their knees in full extension. The sensor was placed at the lateral aspect of the leg; with the 
fixed end-block placed between the lateral inferior aspect of the heel and the head of the 
fifth metatarsal, and the sliding end-block between the lateral malleolus and the head of the 
fibula. The results of the study showed no statistically significant differences (paired t-tests,
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p<0.05) between the measurements taken with this sensor in two separate occasions by the 
same tester. Ball and Johnson [1993] evaluated the intratester repeatability of the Ml 10 for 
measuring subtalar active movements. Peak values of inversion and eversion were 
measured from one participant in 15 separate occasions at daily intervals. The sensor was 
attached to the subject with the telescopic end-block fixed to the posterior part of the heel 
and the static end-block fixed to the posterior part of the lower leg. The assessment was 
performed with the subject in prone position with the knee in extension. Descriptive 
statistics (i.e. mean and standard deviation) were calculated for each one of the sets of 
measurements corresponding to inversion and eversion respectively. The authors 
concluded that the values of standard deviation (less than 3.5°) can be regarded as highly 
satisfactory taken into account the errors introduced by sensor reattachment and intra­
subject variability. Bevans [1993] assessed the intra-tester repeatability of the M110 in two 
for measuring the relaxed calcaneal stance position§ in 14 normal subjects in two separate 
sessions. The sensor was first zeroed at 90° using a set square. Following this, the fixed 
end-block of the electrogoniometer was attached to the surface of a raised platform, while 
the telescopic block was fixed to the mid line of the posterior part of the heel. The results 
of the between sessions comparisons were not statistically significant (p >0.05). Bevans 
concluded that the sensor and the protocols used were repeatable.
In summary, the results of these investigations have demonstrated high intra-tester 
repeatability of flexible electrogoniometers for the assessment of the ankle and subtalar 
joint. This led the author of this project to select the flexible electrogoniometer as the 
sensor used for measuring ankle-foot motion.
Repeatability o f the SG/110A
As explained in chapter 8, data was collected for assessing the intra-tester repeatability 
when placing the SG/110A on the lower leg of the subjects in two different occasions 
separated by one week. Figures L.2 and L.3 illustrate the static angular values collected 
from each one of the subjects in standing position in both sessions. Both bar plots revealed 
that the intra-subject absolute differences observed between the measured values in both 
sessions did not exceed 2° (subjects 1, 5 and 11) and 3° (subject 9) in the sagittal and 
frontal planes respectively.
§ Defined in Bevans publication as “the angular relationship of the calcaneus relative to the ground with the 
subject in standing relaxed in the angle and base of gait”.
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Figure L.2. Sagittal plane values measured thereafter sensor collocation at the beginning of both 
__________________________ experimental sessions.___________________________
Sensor placement between sessions (Frontal plane)
1 2 3 4 5 6 7 8 9  10 11 12
Subjects
Figure L.3. Frontal plane values measured thereafter sensor collocation at the beginning of both
experimental sessions.
Note that for the majority of the subjects the values obtained from both planes were 
deviated from the 0° preset on the calibration rig. These deviations from the preset 
calibration zero can be attributed to the following factors:
• The lines traced over the skin might not have been perfectly drawn along the 
longitudinal axis of the lower leg, and therefore precise vertical alignment of the 
two end-blocks could not be attained.
• The intrinsic anatomical characteristics of the subjects’ limb forced the end-blocks 
to be initially in an angled position (different than 0°). The curved shape of lateral 
aspect of the foot, wherein the fixed end-block was placed, induced a large angular 
deviation of the values measured in the frontal plane. This becomes more
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pronounced under weight-bearing conditions, resulting in angular deviations larger 
than 20°.
• In addition, distension of the protective spring caused by the lateral malleolus 
might have had an effect over the sensing elements of the electrogoniometer, 
introducing errors.
It is important to highlight that these deviations were not critical for the experiments using 
the array, since both channels of the SG/110A were zeroed again before commencing data 
collection.
Finally, figures L.4 and L.5 display the mean values calculated from all the sets of 
measurements taken for each one of the subjects in both sessions.
Figure L.4. Average angular values calculated from the datasets obtained from measurements in the 
sagittal plane during sessions 1 and 2. The error bars correspond to the standard deviation.
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Figure L.5. Average angular values calculated from the datasets obtained from measurements in the 
frontal plane during sessions 1 and 2. The error bars correspond to the standard deviation.
In order to determine whether the differences between the means were due to either 
systematic errors or chance, inferential statistics were implemented.
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Before choosing the statistical analysis to be performed (i.e. either paired t-tests or non- 
parametric Wilcoxon signed rank test), the data was first tested for normality using the 
D’Agostino and Pearson omnibus, as suggested by the documentation of the statistical 
software used in this project -  i.e. GraphPad Prism, version 5.01 (GraphPad Software Inc, 
San Diego, USA). The results of the normality test indicated that the data follow a normal 
distribution, and thereby, the decision of performing paired t-tests (two-tailed, 11 degrees 
of freedom) for determination of the statistical significance of the differences was made. 
The choice of using paired t-tests was also supported by the fact that other studies have 
applied this statistical method for the evaluation of intra-tester repeatability of 
electrogoniometry in applications involving the ankle and the foot [Bevans, 1993; Rome 
and Cowieson, 1994].
The results of the paired t-tests (table L.l) showed that the differences between trials were 
not statistically significant for both planes (P > 0.05). This suggests that such differences 
were not caused by systematic errors resulting from sensor attachment. In addition, the 95 
% confidence intervals showed that the difference between the means was small in both 
planes of motion. Therefore, it can be concluded that intra-tester repeatability was 
maintained between days for the group of subjects under investigation when attaching the 
sensor to the lower leg following the protocol described in chapter 8, which was carefully 
devised to minimise the sources of errors.
Table L.l. Results of the paired t-tests performed for the evaluation of between session 
repeatability of sensor placement in the sagittal and frontal plane. P values shown are not 
statistically significant (ns).
Plane P-value 95% Cl
Sagittal 0.4910 (ns) [-1.02°, 0.52°]
Frontal 0.0688 (ns) [-1.56°, 0.07°]
Finally, it is important to emphasise that although the results of the normality test 
(performed as suggested by the software documentation) produced encouraging results 
leading to selection of the statistics applied here, it would be sensible to discuss this aspect 
with a statistician in order to reaffirm the validity of the test.
L.4. Comparing the SG/110A against a reference instrument
In order to further establish the validity of the collected data, it would be ideal to compare 
the values measured using the flexible electrogoniometer against a reliable source of
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information. Consequently, a literature search was earned out to find reference values or 
methods for measuring ankle and subtalar joint range of motion in static conditions. 
Unfortunately, the review revealed not only a lack of standardise procedures, but also 
inconsistency of the published data [Ball and Johnson, 1993; Rome, 1996; Menadue et al., 
2006]. In a review of various works related to the evaluation of ankle dorsiflexion in 
normal individuals using different instruments and methods, Rome [1996] concluded that 
no universally acceptable values have been adopted for describing the validity of this 
parameter. The author pointed out that peak dorsiflexion values fluctuated between 8° and 
26°. Similarly, there is no agreement in normal peak plantarflexion values, with figures 
varying between 20° and more than 50° [Boone and Azen, 1979; Luttengs and Hamilton, 
1997]. Lundberg and colleagues [1989] found values ranging from 13° to 33° of 
dorsiflexion and from 23° to 56° of plantarflexion in a series of radiographic and 
goniometric studies. Likewise, lack of consensus was also observed between ranges of 
normal peak values of subtalar angular motion, with figures varying from 4° to 25° of 
eversion and 20° and 40° of inversion respectively ([Sarrafian, 1993] as referred to by 
[Paterson, 2001])[Boone and Azen, 1979; Ball and Johnson, 1993].
All these variations in peak values of subtalar and ankle angular motion can be attributed 
to factors such as inter-subject variability, number of participants and the use of different 
instruments and methods; making very difficult comparison between studies [Thoms and 
Rome, 1997]. The current state of the art reflects that normal peak ankle and subtalar 
motions have been measured with the subject in different positions (i.e supine, prone, 
kneeling, seated, knee flexed or extended), with or without exerting voluntary motion (i.e. 
active or passive), and using different techniques (i.e. photography, conventional 
goniometry, electrogoniometers, CT scan, electromagnetic sensors).
As a result of these controversies, some researchers have opted for comparing different 
methods of measuring ankle-foot movements. Besides the assessment of the repeatability 
of the flexible electrogoniometer, Rome and Cowieson [1996] compared the latter against 
two different goniometers (i.e. universal goniometer and a fluid goniometer) when 
measuring peak active dorsiflexion in a group of 8 normal subjects in two separate 
occasions. The results of the investigation showed significant differences (p<0.05) between 
the electrogoniometer and the universal goniometer. On the other hand, no significant 
differences (p>0.05) were found when comparing the electrogoniometer against the fluid 
goniometer.
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M enadue and colleagues [2006] com pared the perform ance o f a universal goniom eter 
against an electrom agnetic tracking system  (3SPACE Fastrak - Polhem us, Vermont, USA). 
Three different testers m easured the total subtalar range o f m otion o f 31 subjects. The 
investigators found that the m ean range o f inversion-eversion m oderately correlated (r 
ranging from  0.52 to 0.58) to the Fastrak system  when the m easurem ents were perform ed 
in seating position, whereas a poor correlation (r  ranging from  0.36 to 0.48) was observed 
when the m easurem ents were perform ed w ith the subjects in prone position.
In summary, the current state o f the art showed that due to the lack o f a reference m ethod 
(gold standard) for validation o f ankle and subtalar peak m otion data, some researchers 
have been inclined to com pare the perform ance o f two or more m easuring methods.
In this work, it was therefore decided to com pare the perform ance o f the flexible 
electrogoniom eter SG/110A versus one alternative reference method. Initially, two options 
were initially considered as potential candidates:
•  The use of a m otion capture system  available at the University of Surrey (Qualisys 
M edical AB, Partille, Sweden)
•  Conventional goniometry.
It is well known that the first option is usually regarded as an accepted m ethod for 
kinem atics gait analysis. This approach uses reflective markers placed over different 
anatom ical landm arks close to the jo in t centers or to lim b segments in order to identify 
their positions, angles and orientations [W hittle, 2003]. Thus, by m ean o f various infrared 
cameras (e.g. from  4 to 7) the system  detects the light reflected by each marker, and then 
by software, the data is converted in useful inform ation (3D coordinates) for the 
calculation o f the jo in t angles during the gait cycle (the principles behind these calculations 
are out o f the scope o f this research). D ifferent m arker arrangements (foot m arker models) 
have been proposed for m easuring ankle-foot m otion during gait. These m odels range from  
sim plistic versions (formed by small num ber o f markers, assuming the ankle-foot as one 
rigid body segment) [Flaieh, 2007] to m ore sophisticated and complex versions 
(com prising a larger num ber o f m arkers allowing appropriate quantification o f m otion of 
the ankle and different jo in ts o f the foot -  e.g. subtalar eversion-inversion) [Leardini et al., 
1999; Stebbins et al., 2006]. N one o f the latter, however, has been reported as widely used 
in clinical routine. In addition, placem ent o f some of the reflective m arkers may be 
obstructed by or may interfere with some parts o f the flexible electrogoniometer.
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Furtherm ore, setting up a com plex foot m aker m odel in a reliable m anner, plus processing 
and analysing the collected data are tasks which require certain expertise that is gained 
after a considerably period o f tim e (not available for this project).
Therefore, the reference m ethod opted for validation of the sensor used in this study was 
the second option - conventional goniom etry using the universal goniometer. The m ain 
reason behind this choice is its w idespread use in clinical practice [Elveru et al., 1988; 
M artin and M cPoil, 2005], allowing assessm ent o f jo in t range o f m otion in a m uch easier, 
faster and inexpensive manner. In addition, the universal goniom eter has dem onstrated to 
be fairly reliable when repeated m easurem ents o f the ankle and subtalar jo in t are taken by 
the same tester over a short period o f time [Elveru et al., 1988].This instrum ent consists o f 
a plastic protractor with two arms: one stable and one movable. Ideally, the axis o f the UG 
m ust coincide with the centre o f rotation o f the jo in t, whereas the aim s should be aligned 
with respect to the longitudinal axis o f the segments attached by the jo in t under 
investigation.
Trials
For the com parison trials, it was decided to perform  m easurem ents o f ankle-foot angular 
m otion using universal goniom eters and flexible electrogoniometers sim ultaneously. The 
universal goniometers used in this work were tw o-arm  plastic protractors o f 12.5 inches for 
m easurem ents in the sagittal plane and 6 inches for m easurem ents in the frontal plane 
respectively. Prior to the trials, the researcher was given with three days o f intensive 
practice using this instrum ent with two volunteers.
Five subjects out o f the twelve who participated in the final study took part in this 
assessment. Identification o f the anatom ical m arks, drawing o f the lines, and attachm ent 
and calibration o f the electrogoniom eter were perform ed following the directions described 
earlier in chapter 8. As the experim ents also involved the use o f the universal goniometers, 
a gauging procedure available in the literature [Clarkson, 2005] was followed:
•  Sagittal plane m easurem ents were taken first with the subject in supine position. A 
pillow was placed under the knee, so that the subject m aintained his/her knees 
slightly flexed in about 20° ± 10°. The axis o f the universal goniom eter was 
coincident with the axis o f the lateral m alleolus, whilst the static arm  was aligned 
w ith respect to the line jo in ing the head o f the fibula and the lateral m alleolus (i.e.
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the same line used for alignm ent o f the SG/110A), and the m ovable arm was 
aligned in parallel with the plantar surface o f the heel (figure L.6).
Figure L.6. Measuring sagittal motion (dorsiflexion) using the flexible electrogoniometer and 
universal goniometer simultaneously.
• For the frontal plane, the m easurem ents were taken with the participant in prone 
position, with his/her leg in full extension and with the lowest part o f the lower leg 
(i.e. where the sensor was placed) off the end of the bench. In order to align the 
universal goniom eter for m easurem ents o f eversion and inversion, additional body 
landm arks and a bisection line were marked at the posterior aspect o f the lower leg: 
with the subject standing straight over the wooden block, one mark was drawn over 
the midline of the superior-posterior aspect o f the calcaneus; whereas the rem aining 
mark was drawn parallel to the form er, but over the inferior-posterior aspect o f the 
same bone. Following this, both m arks were joined by a line which was extended to 
provide a reference for alignm ent o f the stable arm of the goniom eter (figure L.7). 
The axis o f the goniom eter was aligned to the mark corresponding to the superior 
part o f the calcaneus. Thereby, the stable arm  of the goniom eter was aligned in 
parallel to the longitudinal axis o f the leg, whereas the m ovable arm  was moved 
together with the portion o f the line corresponding to the m idline o f the posterior 
aspect o f the calcaneus bone (figure L.8).
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\Figure L.7. Anatomical landmarks and bisection lines used for measuring eversion and 
inversion using the universal goniometer.
Figure L.8. Measurements of frontal motion (inversion) using the flexible electrogoniometer 
and the universal goniometer simultaneously.
During the trials, each participant was asked to produce maximum  voluntary dorsiflexion 
and plantarflexion for five seconds on three different occasions, each separated by ten 
second resting intervals. The same procedure was repeated for m easuring maximum  
voluntary eversion and inversion. Each one o f the requested motions was performed during 
three consecutive times with intercalated resting periods o f five seconds between 
m easurem ents. It is important to em phasise that in order to avoid biasing, the researcher 
refrained from seeing the angular display unit o f the SG/110A. Instead, a collaborator was 
asked to register each m easurem ent produced by the electrogoniom eter, whilst the 
researcher was m aking note o f the reading obtained from the universal goniom eter at the 
same time. Each group of three readings per instrum ent corresponding to peak angular 
values o f each type o f ankle-foot motion were averaged for each subject.
Figures L.9 and L.10 illustrate the mean values of ankle-foot motion in both sagittal and 
frontal planes per subject during each session. The maximum  intra-subject absolute 
differences between instrum ents were 3.67° for dorsiflexion (subject 3), 4.33° for 
plantarflexion (subject 3), 1.67° for eversion (subjects 3 and 4) and 1° for inversion 
(subject 2). These discrepancies still lie within a reasonable margin, considering the 
sources o f errors that could have been introduced when using both instruments. 
Furthermore, the rationale for obtaining larger differences in the sagittal plane can be 
attributed to the physical interference caused by the electrogoniom eter to the universal 
goniom eter -  i.e. the axis of rotation and the arms o f the latter could not be placed in 
contact with the skin over the lateral m alleolus and the shank respectively. Rome and
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Cowieson [1996] stated that discrepancies between m easurem ents taken with different 
goniom eters can reach up to 7°.
Figure L.9. Mean values of peak dorsiflexion (left plot) and plantarflexion (right plot) per subject, 
calculated using readings obtained from both instruments.
Figure L.10. Mean values of peak eversion (left plot) and plantarflexion (right plot) per subject, 
calculated using the readings obtained from both instruments.
In conclusion, the results o f this assessm ent suggested that the values registered with the 
flexible electrogoniom eter are reasonably com parable to those m easured using the 
proposed reference m ethod (universal goniom eter). In addition, the values obtained from 
both devices lie within ranges reported by other researchers when com paring and testing 
other types o f goniom eters (table L.2).
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Table L.2. Some of the published values of ankle and subtalar range of motion measured 
using different goniometers._________ ___________ _______________________ _________
Authors Instrument Subjects Subject
Position
Peak
Movement
measured
Angular 
values 
(Mean ± SD)
Rome and Cowieson 
[1996].
Flexible
Electrogoniometer.
Universal goniometer 
Fluid goniometer
8 healthy 
females, mean 
23.9° ± SD 
5.57° years 
(range 20-36).
Supine, knee 
extended.
Active
dorsiflexion
Session 1: 
12.8° ±2.6°  
Session 2: 
12.8° ±4.3°
Session 1: 
15.4° ±2.8°  
Session 2: 
16.9° ±2.4°
Session 1: 
13.6°+ 2.4° 
Session 2: 
13.8° ±3.4°
Boone and Azen 
[1979]
Universal goniometer. 56 healthy 
males, mean 
34 .9° ±3.4°  
years .ranging 
from 19 to 54 
years.
Supine (no details 
o f the knee angular 
position given).
Active
dorsiflexion
Active
plantarflexion
Active
eversion
Active
inversion
12.2° ±4.1°  
54.3° ±5.9°  
19.2° ±4.9°  
36.2°+  4.2°
Menadue et. al. 
[2006]
Universal goniometer. 31 subjects, 
mean 35.4 years, 
ranging from 21 
to 59 years.
Seating, knee 
flexed
Prone, knee 
extended
Active eversion
Active
inversion
Active
eversion
Active
inversion
Session 1: 
11.1° ±7 .4°  
Session 2: 
9.9° ±7 .6°  
Session 1: 
31.5° ±8.8°  
Session 2: 
32.9° ± 8.4°
Session 1: 
8.3° ± 3.6° 
Session 2: 
9.0° ±3 .3°  
Session 1: 
15.0° ±6 .1°  
Session 2: 
15.8° ± 5 .8°
Ekstrand et. al. 
[1982]
Flexometer” . 12 healthy 
subjects (sex not 
indicated by the 
authors) aged 
from 22 to 30 
years.
Standing, with the 
knee fully 
extended.
Knee fully flexed
Weight bearing 
dorsiflexion
22.5° ± 0.7° 
24.9° ± 0.8°
Soper et. al. [2004] Flexible electrogoniometer. 10 healthy 
subjects (three 
male, seven 
female), mean 
26.8 ± 4.5 years, 
(no range 
reported)
Knee fully flexed Active
dorsiflexion
Active
plantarflexion
Session 1: 
16.3° ±7 .4°  
Session 2: 
16.5° ±7 .8°
Session 1: 
42.9° ± 9.0° 
Session 2: 
41.4° ± 8.6°
Ball and Johnson 
[1993]
Flexible electrogoniometer. 25 healthy 
volunteers (8 
male, 17 female) 
mean age 25 
years.
Prone, knee fully 
extended.
Active
eversion
Active
inversion
4.8° ± 3.2° 
22.2° ± 6.2°
** Ekstrand et. al. [1982] defined the flexometer as a circular scale goniometer with a weighted pointer 
that is moved by gravity.
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It should be borne in m ind that the prelim inary results obtained from  these trials m ust be 
interpreted only as trends, which reflect a reasonable level o f confidence on the sensor 
under the experim ental conditions and subjects involved in this pilot study.
It is also im portant to em phasise that due to the tim e constrains the sample size used in this 
com parative assessm ent (n=5) was very small, and therefore, further statistical analysis 
was not performed. Future research m ust involve larger sample sizes, in order to verify the 
statistical significance of the differences betw een the flexible electrogoniom eter SG/110A 
and the universal goniom eter w hen used following the methods proposed here.
Method for determination o f the neutral position o f the ankle and subtalar joints
V alidity o f goniom etric m easurem ents is also dependant on the precision w ith which the 
neutral position o f the ankle and the subtalar jo in ts is determ ined [Tiberio, 1987]. 
U nfortunately, the current state o f the art indicates that there no exist ‘gold standards’ to 
establish the neutral position o f the ankle and the subtalar joint.
However, as m entioned earlier in  chapter 8, it was decided to define the neutral position o f 
the ankle in accordance to the Zero M ethod proposed by the Am erican A ssociation o f 
Orthopaedic Surgeons. This m ethod has also been utilised in other investigations [Ekstrand 
et al., 1982; Rom e and Cow ieson, 1996].
For the subtalar joint, the literature review  also revealed the existence o f different 
procedures to determ ine its neutral position in the frontal plane, with the ‘m ethod of 
palpation’ being the m ost com m only used [Donatelli, 1996]. In this method, the subject 
lies prone on the exam ination bench. Then, the exam iner finds the subtalar position by 
palpating the congruency betw een the talus and the navicular bones at both sides o f the 
foot with one o f his/her hands (i.e. using the thum b and index fingers as shown in figure 
L . l l ) ,  w hile the foot is passively m oved from  inversion to eversion or vice versa with the 
other hand (applying a force at the fourth and fifth m etatarsal heads, as shown in figure 
L.12) [Donatelli et al., 1996].
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Figure L .ll. Palpation of the congruency of the navicular and talus bones (top view). Adapted from 
Donatelli et. al. [1996].
Figure L.12. Palpation of the congruency of the navicular and talus bones (frontal view). Adapted from 
Donatelli et. al. [1996].
Despite the wide use o f this method in routine clinical examinations, it was not utilised in 
this project due to the following reasons:
•  Parts of the sensor placed over the lateral aspect o f the foot may interfere with the 
exam iner’s ability to palpate the congruency o f the talus and the navicular bones.
•  M anipulation o f the foot and palpation o f the talonavicular congruency may 
introduce errors o f few degrees when zeroing the sensor, as a result of pressure 
exerted over fleshy parts o f the lateral part o f the foot and distension/m otion o f the 
protective spring o f the sensor caused by the hands. In addition, it may induce
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strains which may lead to either m isplacem ent or dislodgm ent o f the fixed end- 
block.
•  Finding the subtalar jo in t neutral position using this m ethod is reliable w hen 
perform ed by experienced clinicians [M iller and M cGuire, 2000].
A nother m ethod is based on visual observation o f certain anatom ical changes that take 
place on the foot when is being moved. A ccording to M enz [1995], this m ethod involves 
the observation of creases form ed at the m edial and lateral side o f the m alleolus as the foot 
is either inverted or everted. Thereby, the subtalar jo in t would be in neutral position when 
the wrinkles at both sides o f the bone are not visible.
In  this work, the latter m ethod was com bined with direct observation o f the foot and the 
subtalar jo in t for determ ination o f the neutral position in the frontal plane.
In order to estim ate the influence o f the m ethods for finding the neutral position on the 
validity o f the collected data, three consecutive m easurem ents o f each one o f the m axim um  
active m ovem ents o f the ankle and foot in the frontal and sagittal plane were registered for 
each one o f the 12 participants in  both experim ental sessions (see section 8.3.2. step vii). 
Follow ing this, the m ean of each group o f three m easurem ents pertaining to each type of 
m otion was calculated and then taken as a final reading for each one o f the participants.
Table L.3 displays the m ean and standard deviation o f the final readings obtained for the 
twelve subjects. Note that the values calculated for dorsiflexion, plantarflexion, eversion 
and inversion lie within the ranges reported in the literature. Furthermore, the values 
obtained for eversion and inversion are sim ilar to those reported by Ball and Johnson 
[1993]; who used the palpation m ethod to find the zero position and calibrate the M -110 
electrogoniom eter to m easure peak active inversion and eversion in a group o f 25 healthy 
volunteers (see table L.2). Nevertheless, it should be borne in m ind that both studies differ 
in several aspects (different subjects, sam ple size, sensor and attachm ent procedures), and 
therefore, definite conclusions about the likeness betw een both m ethods can not be drawn.
Finally, note that the descriptive statistics gives a preliminary indication o f ‘betw een 
sessions’ similarities for all the peak active ankle-foot m ovem ents perform ed. However, 
generalised conclusions about repeatability o f finding the neutral position o f the ankle and 
subtalar joints can not be draw n from  these data, since it is im possible to separate the 
influence o f intra-subject variability from  the variables inherent to the m ethods followed
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here. Further research m ust include a m ore appropriate repeatability study in which the 
influence o f the intra-subject variability perform ing active m ovem ents can be minimised.
Table L.3 Average values of peak active motion of the ankle and foot obtained in this study
Movement Session 1 
(mean0 ± SD°)
Session 2 
(mean ° ± SD°)
Dorsiflexion 22.72° ± 4.99° 22.00° ± 3 .4 6 °
Plantarflexion 30.83° ± 7 .0 4 ° 31.50° ± 6 .1 2 °
Inversion 20.11° ± 6 .3 6 ° 19.81° ± 5 .4 9 °
Eversion 6.39° ± 2.59° 7.03° ±  2.57°
L.5. Conclusions
In the context o f this project, the repeatability test and the com parison o f the SG/110A 
against the universal goniom eter reflected a reasonable level o f confidence on this sensor 
and its associated methods. It is believed that the protocol for attachm ent was highly 
repeatable betw een sessions, and that a repeatability m argin o f sm aller than 2° can be 
m aintained as long as the procedures for identifying the body landm arks, m arking the lines 
and controlling the subjects’ position are strictly followed. This m argin o f error m ust be 
taken into account when interpreting the data collected from  the flexible electrogoniom eter 
during the final experiments.
Results from  intra-subject com parison o f the instrum ents suggested that the sensor 
produced sim ilar m easurem ents to that obtained using the reference method. It should be 
borne m ind that although the latter is not considered as a ‘gold standard’, it is regularly 
used in the clinical practice.
The sim ilarities found betw een the peak values o f inversion and eversion obtained in this 
investigation and those published by Ball and Johnson [1996] provided some confidence in 
the m ethod follow ed for finding the neutral position o f the subtalar jo in t used in this study.
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Charts of responses to electrical stimulation 
with the Surrey Electrode Array
Appendix M
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Figure M. 1. Charts of responses for each one of the VE-retum electrode combinations obtained from subject 
S1 during both sessions. The cells in dark blue represent VE positions where non-functional responses were 
present, whereas the remaining correspond to those where functional responses were attained. The different 
colours observed for the rest of the cells represent the minimum intensity (in steps) at which the responses 
were attained, as indicated by the colour bar at the right side of each plot.
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Figure M.2. Charts of responses for each one of the VE-retum electrode combinations obtained from subject 
S2 during both sessions. The cells in dark blue represent VE positions where non-functional responses were 
present, whereas the remaining correspond to those where functional responses were attained. The different 
colours observed for the rest of the cells represent the minimum intensity (in steps) at which the responses 
were attained, as indicated by the colour bar at the right side of each plot.
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Figure M.3. Charts o f  responses for each one o f  the VE-return electrode combinations obtained from subject 
S3 during both sessions. The cells in dark blue represent VE positions where non-functional responses were 
present, whereas the remaining correspond to those where functional responses were attained. The different 
colours observed for the rest o f  the cells represent the minimum intensity (in steps) at which the responses 
were attained, as indicated by the colour bar at the right side o f  each plot.
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Figure M .4. Charts o f functional responses for each one o f  the VE-return electrode combinations obtained 
from subject S4 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
M3
Session 1
VE1-R1
Functional Ftesponse
VE2-R1
Functional Ftesponse
VE1-R2
Functional Ftesponse
VE2-R2
Functional Ftesponse
2
rcws
Session 2
VE1-R1
Functional Ftesponse
VE2-R1
Functional Ftesponse
VE1-R2
Functional Ftesponse
VE2-R2
Functional Ftesponse
125
i 2 0
15
10
5
Figure M .5. Charts o f  functional responses for each one o f  the VE-return electrode combinations obtained 
from subject S5 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f  the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
Session 1
VE1-R1
Functional Ftesponse
VE2-R1
Functional Ftesponse
VE1-R2
Functional Ftesponse
VE2-R2
Functional Ftesponse
Session 2
VE1-R1
Functional Ftesponse
VE2-R1
Functional Ftesponse
VE1-R2
Functional Ftesponse
VE2-R2
Functional Ftesponse
Figure M .6. Charts o f  functional responses for each one o f  the VE-retum electrode combinations obtained 
from subject S6 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f  the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
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Figure M .7. Charts o f  functional responses for each one o f  the VE-retum electrode combinations obtained 
from subject S7 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f  the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
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Figure M.8. Charts o f  functional responses for each one o f  the VE-return electrode combinations obtained 
from subject S8 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f  each plot.
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Figure M .9. Charts o f  functional responses for each one o f  the VE-return electrode combinations obtained 
from subject S9 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
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Figure M .10. Charts o f  functional responses for each one o f  the VE-return electrode combinations obtained 
from subject S10 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
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Figure M. 11. Charts o f  functional responses for each one o f  the VE-retum electrode combinations obtained 
from subject S 11 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f  the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
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Figure M . l l .  Charts o f functional responses for each one o f  the VE-retum electrode combinations obtained 
from subject S 11 during both sessions. The cells in dark blue represent VE positions where non-functional 
responses were present, whereas the remaining correspond to those where functional responses were attained. 
The different colours observed for the rest o f  the cells represent the minimum intensity (in steps) at which the 
responses were attained, as indicated by the colour bar at the right side o f each plot.
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Appendix N 
Repeatability charts
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Figure N.I. Repeatability charts for subjects S1,S2,S3 and S4.
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Figure N.2. Repeatability charts for subjects S5,S6,S7 and S8.
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Figure N.3. Repeatability charts for subjects S9,S10,S11 and SI2.
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Appendix O 
Patients questionnaire
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Wandsworth LT/ i k j
Teaching Primary Care Trust
Feasibility of transcutaneous array-based fes technologies for  
drop foot correction
Participant Questionnaire: Part I 
- Patient -
This questionnaire is designed to help us to understand your perceptions o f your current 
walking stim ulation system.
Please ask us if  any of the questions are unclear.
1. How long have you been using the stimulator for (please tick the 
appropriate box)?
Less than 3 months □
3 months to 6 months □
6 months to 1 year □
More than 1 year □
2. How often do you use the stimulator?
Everyday □
Five days a week □
Three days a week □
One day a week □
Other □
If other, please specify:
0 2
3. How do you find the task of electrode positioning?
□ □ □ □ □ □ □ □ □ □ □
0 1 2 3  4 5 6 7 8 9  10
It could not be It could not
m ore difficult be any easier
4. How long does it normally take you to find an acceptable electrode 
position?
Less than 5 minutes □
Between 5 and 10 minutes □
Between 10 and 20 minutes □
More than 20 minutes □
5. How long does each pair of electrodes last?
Less than 2 weeks □
Between 2 and 4 weeks □
Between 4 and 8 weeks □
More than 8 weeks □
6. Do you think that a new method for electrode positioning is 
necessary?
Yes □  No □
7. Do you have any general comments on the stimulation system that 
you currently use?
Thank you for taking the time to complete this part of the questionnaire
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Wandsworth
Teaching Primary Care Trust
Feasibility o f transcutaneous array-based fes technologies for
This questionnaire was designed to help us to understand your perceptions of the array 
based system  and the electrode size that you have been experim enting with during this 
trial.
Please ask us if  any o f the questions are unclear.
1. How did you find the task of electrode positioning with the array- 
based system?
2. How comfortable was the stimulation while seeking the electrode 
position?
3. Could you find any electrode position(s) as good as the one you find 
when using your conventional system?
drop foot correction
Participant Questionnaire: Part II 
- Patient -
□ □ □ □ □ □ □ □ □ □ □
0
It could not be 
m ore difficult
 1 2 3 4 5 6 7 8 9  10
It could not 
be any easier
□  □ □ □ □ □ □ □ □ □ □
0  1 2 3 4 5 6 7 8 9  10
M oreN ot as
com fortable as 
using the
com fortable 
than using
ODFS the ODFS
Yes  □ N o D
Thank you for taking the time to complete this questionnaire
To be filled o u t by  the  re se a rc h e r  only 
VE Shape:____________
0 4
E mpmmmi
t S
Teaching Primary Care Trust
Feasibility of transcutaneous array-based fes technologies for 
drop foot correction
Participant Questionnaire III 
- Patient -
The questions below will help us to understand your general perception of our 
electrode array system.
Please ask us if any of the questions are unclear.
1. Would you like to see this method of finding the electrode position 
included as part of your current stimulation system?
Yes □  No □
2 . Apart from portability, what other aspects do you think that need to 
be improved in the system?
3. If you have any additional comments regarding the array-based system 
and/or the trials undertaken, please write them down.
Thank you for taking the time to complete this questionnaire
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Contents of the companion compact disc
Appendix P
The com panion CD contains the following items:
•  Electronic com ponents datasheets (directory path ‘D :\datasheets’).
•  Assem bler code for the m icrocontroller-based switching box (directory path 
D :\source code\m ierocontroller).
• Builder C++ code corresponding to the m ain program s for the graphic user 
interface and file converter tool (directory path ‘D:\source code\builder’).
•  Builder C++ code for the file converter tool (directory path ‘D :\source 
code\builder’).
•  M atlab routines corresponding to the data analysis and repeatability tools (directory 
path ‘D :\source code\M A TLA B’).
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